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 i 
ABSTRACT 
 
The combustion of hydrocarbon based fuels is one of the worlds main sources of energy, 
with applications ranging from large scale industrial processes to transport. However, the 
use of these fuels has two keys problems, long term supply and emissions. In order to 
extend the use of hydrocarbon fuels and reduce their environmental impact, fundamental 
understanding of the combustion process is needed so that applications can be fully 
optimised. One of the most influential factors that effects the combustion processes is 
turbulence, a factor that significantly alters flame propagation and subsequent rates of 
heat release. It is this feature of combustion that is focused upon within this work. 
 
Initially flame-turbulence interaction is investigated using a fan stirred combustion bomb 
using high speed particle image velocimetry to examine the combustion of stoichiometric 
mixtures of methane and air. This study looks at how flame propagation effects 
turbulence and how different levels of turbulence effect flame structure. This work 
demonstrates that a flow field is significantly altered by a propagating flame, but that 
local turbulent structures are maintained ahead of it, structures that directly impact flame 
propagation. This section of work demonstrates that fundamental understanding is needed 
of how specific rotational flow structures, which characterise turbulent flows, effect local 
burning velocity. 
 
The rest of the work in this thesis details the study of the interaction between controlled 
toroidal vortices and a propagating flame front using a novel twin-chamber combustion 
bomb. As part of this study a new technique for the measurement of local burning 
velocity, using asynchronous particle image velocimetry, is developed and implemented; 
a technique which enables the quantification of local burning velocity within highly 
rotating flows. The information acquired using this new technique is then used to quantify 
the true local burning velocity by taking into account the translation of the flame via 
advection.  Study of flame-vortex interaction in this manner is used to assess the impact 
of vortex structure on flame propagation rates. The burning velocity data demonstrates 
that there is a significant enhancement to the rate of flame propagation where the flame 
directly interacts with the rotating vortex. Away from this interaction with the main 
vortex core, the flame exhibits propagation rates around the value recorded for 
unperturbed combustion. Additional examination has shown that aspects of both the local 
flow field and the flame profile correlates with the local burning velocity; specifically 
flame curvature and the angle that the flame intersects the flame front.  
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NOMENCLATURE 
 
 
A - Area      m2 
a - Acceleration     m.s-2 
CP - Specific heat capacity at constant pressure kg.m2.mol-1.K-1.s-2 
dP - Flame advection time period   s 
dt - PIV frame separation time   s 
D - Diameter     m 
Da - Damköhler number    - 
Da,b - Diffusivity of species a to b   m2.s-1 
Dd - Diffusivity of deficient reactant   m2.s-1 
De - Diffusivity of excess reactant   m2.s-1 
f(r,t) - Normalised two-point correlation  - 
g - Acceleration due to gravity   m.s-2 
Ka - Karlovitz number    - 
K - Flame stretch     s-1 
KC - Flame stretch due to curvature   s-1 
KS - Flame stretch due to aerodynamic strain  s-1 
k - Heat conductivity    kg.m.s-3.K-1 
k(λ)  Gladstone-Dale constant   m-3.kg-1 
l - Characteristic length    m 
lF - Flame thickness    m 
lG - Gibson scale     m 
lP - Pre-heat zone thickness    m 
lO - oxidation layer thickness   m 
lδ - Inner reaction zone thickness   m 
L - Markstein length    m 
L11 - Integral scale     m 
Lλ - Taylor micro-scale    m 
Le - Lewis number     - 
m ′′&  - Mass flux     kg.s-1.m-2 
Ma - Markstein number    - 
n - Normal unit vector    m 
n  Refractive index    - 
 Nomenclature 
 vi 
Re - Reynolds number    - 
R(m,n) - Direct cross-correlation     - 
R - Radius of curvature     m 
Sd - Local flame displacement due to propagation  m 
St - Turbulent flame displacement speed   m 
SL - Laminar flame displacement speed   m 
SL0 - Unperturbed laminar flame displacement speed  m 
t - time        s 
tN - eddy turnover time     s 
u’ - Turbulence intensity     m.s-1 
u(l) - Characteristic velocity     m.s-1 
uη  - Kolmogorov velocity scale    m.s-1 
u - Instantaneous velocity     m.s-1 
uF - Fluctuating velocity     m.s-1 
ū - Average velocity     m.s-1 
ut  Turbulent burning velocity    m.s-1 
V - Velocity      m.s-1 
VF - Flame velocity      m.s-1 
VG - Gas velocity      m.s-1 
 
α - Thermal diffusivity     m2.s-1 
δ  Ratio between inner reaction zone  
length and total flame thickness 
ε - Rate of dissipation     m2.s-3 
η - Kolmogorov length scale    m 
λ - Wavelength of light     nm 
µ - Dynamic viscosity     kg.s-1.m-1 
ρ - Density       kg.m-3 
τ(l) - Characteristic time     s 
τη  - Kolmogorov time scale     s 
ν - Kinematic viscosity     m2.s-1 
Φ - Equivalence ratio     - 
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ABBREVIATIONS 
 
 
APIV  - Asynchronous particle image velocimetry 
CCD  - Charge coupled device 
CH4  - Methane 
CMOS  - Complementary metal oxide semiconductor 
CO2  - Carbon dioxide 
FFT  - Fast Fourier transform 
HSPIV  - High speed particle image velocimetry 
HC  - Hydrocarbons 
IC  - Internal combustion 
LIF  - Laser induced fluorescence 
LDV  - Laser Doppler velocimetry 
MTV  - Molecular tagging velocimetry 
NOx  - Oxides of Nitrogen 
NSS  - Normalised signal strength cross-correlation 
PIV  - Particle image velocimetry 
PTV  - Particle tracking velocimetry 
PDA  - Phase Doppler anemometry 
PTD  - Preferential thermal-diffusive instability 
RMS  - Root mean square 
SI  - Spark ignition 
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CHAPTER 1  
 
INTRODUCTION 
 
 
 
1.1.  BACKGROUND 
 
The combustion of hydrocarbon based fuels is one of the world’s main sources of energy 
with applications ranging from large scale industrial processes to personal transport. Each 
day huge quantities of these fuels, from both fossil and renewable sources, are burnt in 
order to meet the energy demands of our society and economy. The reason that 
hydrocarbon fuels are so widespread is that they contain several attributes that are not 
found together in any other readily available energy source; they have a high energy 
density, they are simple to store, and the energy they contain can be extracted with 
relative ease. These attributes mean that hydrocarbon fuels can be both safely and 
economically transported, and stored, for use at the exact point required. However, these 
fuels do have some inherent problems. Firstly, there is the issue of supply. Fossil fuels are 
a finite resource and, as the available reserves of these fuel types start to become 
depleted, extraction will become increasingly difficult. This increased level of effort 
required will directly affect both cost and availability. Renewable fuel sources are 
progressively being brought into use to help extend the supply, but these have there own 
limitations due to the possible yield levels and the associated cost of production. 
Secondly, there is the issue of pollution. The majority of combustion applications produce 
pollutants such as nitrogen oxides and unburnt hydrocarbons; chemicals that have a 
detrimental impact on our environment and pose a variety of risks to health. In addition, 
the combustion of hydrocarbons produces carbon-dioxide as a by-product, a known 
greenhouse gas believed to be contributing to climate change. 
 
The combination of unmatched performance with inherent liability found within 
hydrocarbon combustion, provides us with something of a conundrum. Clearly we want 
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to continue to use these fuels, but we also want to extend our dwindling supplies and 
reduce the environmental impact of their use. To achieve this aim, there are two options 
we can pursue: 
 
1. Switch to alternative energy sources, where possible and practicable, thus 
reducing the demand placed upon hydrocarbons.  
2. Improve our understanding of combustion in order to make hydrocarbons as safe, 
effective and efficient as possible.  
 
It is to this second option to which the work in this thesis is directed.   
 
The vast majority of combustion applications involve the reaction of air borne oxygen 
with a hydrocarbon fuel that is in either a gaseous or vaporised liquid form. One of the 
most influential factors that can affect this type of combustion is turbulence. Turbulence 
significantly alters the propagation of the flame front through the reactants during the 
combustion process; its overall effect being to increase the rates of heat and mass transfer, 
increasing the speed of the flame as it travels through the combustion chamber. This 
enhancement to the rate of reaction is essential to the satisfactory operation of most 
applications, allowing rapid release of the energy contained within the fuel. However, 
turbulence does carry with it some problems. Turbulence does not just uniformly increase 
the rate of combustion, it alters the rate of combustion depending on the structure of the 
turbulence interacting locally with the flame front, as well as transporting and 
convoluting the flame as a whole. Couple this dependence of the flame propagation on 
turbulent structure to the chaotic nature of turbulence and we can see that variations in a 
combustion process are going to occur. The uncertainty that this produces in the 
combustion process is one of the fundamental reasons why optimum levels of 
performance are not reached.  
 
It is clear therefore that we need turbulence, but we do not want the degree of variability 
that comes along with it. If we are going to reach a stage where we can effectively control 
the undesirable consequences of turbulence, while at the same time promote its inherent 
advantages, we need to gain a fundamental understanding of how turbulence interacts 
with a propagating flame front. Considerable research has already been conducted in this 
area providing significant insight into how flames propagate. However, due to the 
limitations of the available diagnostics, much of this work has been carried out on an 
averaged basis using statistical data to assess flame behaviour. This has produced useful 
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insight into flame behaviour, but it is imperative that our understanding of flame 
propagation continues to be extended, including investigation into the small scale 
interactions that occur locally. Measurement, followed by understanding and the ability to 
model, these local interactions is the next important step in progressing this significant 
field. Thankfully, recent advances in optical diagnostic techniques mean that it is now 
possible to study flame-flow interaction with high temporal and spatial resolution, 
meeting this need. For the first time we are able to study how a flame front responds to 
turbulent flow structures on a local basis, monitoring the progression of individual 
interactions. Measurements of this nature will not only aid understanding, they will also 
aid the development and validation of computational models. The computing power now 
available to scientists and engineers means that increasingly sophisticated computational 
algorithms that contain detailed combustion sub-models are being developed such as 
Reacting Large Eddy Simulation and Direct Numerical Simulation. These models aim to 
resolve the interaction between flame fronts and small scale flow structures as well as 
local turbulence levels. 
 
The research presented in this thesis provides high quality data, using the latest optical 
diagnostic techniques, to accurately quantify the interaction between flame propagation 
and turbulent structures. Furthermore, algorithms have been developed to analyse this 
data and deduce the response of local flame propagation to flow behaviour. The potential 
of this kind of data is considerable. It is a key to establishing greater understanding of the 
underlying physics of turbulent combustion and it will feed valuable information into 
computational model development and validation. With this improved understanding of 
combustion and refined computational models, we can then take steps to improve 
combustion processes, providing greater levels of control, effectiveness and efficiency.  
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1.2.  THESIS OVERVIEW 
 
Chapter 2 – Literature Review. This chapter provides a review of the work that has 
been previously conducted within the field of turbulent combustion. A particular focus is 
made, throughout the chapter, upon describing current understanding and the approaches 
taken by researchers, both past and present. The chapter is divided into three sections 
dealing with Turbulence, Combustion, and Optical Diagnostics.  
  
Chapter 3 – Optical Diagnostics Employed. This chapter describes the specific 
techniques utilised during the course of this work, their use and limitations. Included in 
this chapter are detailed explanations of how these techniques operate, the particular 
equipment used, and how they were employed in this study. 
 
Chapter 4 – The Interaction between Turbulence and Flame-front Propagation. This 
chapter examines the affect that turbulence of varying intensity has on the propagation of 
the propagation of a flame front. The work goes on to investigate the impact that the 
propagating flame has on the flow, in particular its affect upon local turbulence level. 
 
Chapter 5 – The Interaction between Toroidal Vortex Structures and Flame-front 
Propagation. Leading on from chapter 4, chapter 5 starts to look at the interaction that 
occurs between specific controlled vortex structures and flame-front propagation. A novel 
test rig is described and it’s output characterised. 
 
Chapter 6 – The measurement of burning velocity. Having identified the issues 
involved in measuring flame response to rotational flow, this chapter looks at how 
burning velocity can be accurately measured on a local basis. A novel algorithm is 
proposed and developed in order to quantify this difficult variable. 
 
Chapter 7 – Burning velocity results and analysis. Using the technique and algorithm 
developed in Chapter 6,  Chapter 7 looks how local burning velocity changes as a flame 
propagates through a rotational flow. Comparisons are made between the local flow 
structure and the local burn rate. 
 
 
Chapter 8  –  Conclusions and suggestions for further work 
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2.1.  INTRODUCTION 
 
Before any research is undertaken, it is imperative that we first look at the work that has 
been previously conducted within that particular field, and any other field that might 
provide additional illumination. The reason for this is four fold: 
 
a) To identify what has already been learnt, within the field in question, so that 
the work undertaken builds upon that which has already been accomplished. 
b) To understand the approaches currently being taken by other researchers 
working within this area. 
c) To identify the ‘right questions to ask’  throughout the work so that the 
research provides useful information that will feed into the work of other 
researchers as well as industry. 
d) To identify helpful and appropriate techniques that will enable progression of 
the research.  
 
For this reason a literature review has been conducted within the field of turbulent 
combustion, focusing upon what has already been learnt through previous research. Some 
of the concepts and approaches explained within this section will not be directly 
referenced to in later chapters, but it is still vital that these details are included within the 
review in order that a rounded understanding of the field is provided. 
 
This chapter is divided into four distinct sections: Turbulence, Combustion, Diagnostic 
Techniques, and finally, Current Methods of Investigating Turbulent Combustion. 
Although the field of Turbulent combustion is a particularly complicated and 
interdependent field (with turbulence affecting combustion and combustion affecting 
turbulence)  turbulence has been placed within a section of its own. This separation has 
enabled a far greater breadth of information to be presented upon turbulence, which is 
itself a vast field, without the added complication of combustion. 
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2.2.  TURBULENCE 
 
The study of turbulent flow is a vast and complex field of research. Although the work 
contained within this thesis is of a fundamental nature, and thus will be limited to simple 
flow structures, a wider understanding of turbulence is required as a starting point. As a 
result, the following section looks at the different theories behind our current 
understanding of turbulence, as well as the different technique that are commonly used to 
both describe and quantify turbulence. 
  
2.2.1. The Nature of Turbulence 
 
Problems associated with turbulent flow have challenged scientists and engineers for 
many years, and despite vigorous research into the many aspects of turbulence, there is 
still much we do not understand. This lack of comprehension complicates attempts to 
fully define turbulence, leading to a wealth of opinions rather than established fact. 
However, this does not mean a definition cannot be made, at least in part, in order to 
provide a basis upon which to build.  
 
Visually, turbulent flow is characterised by the rapid interweaving of fluid elements 
within a given volume, differentiating it from the smooth flow seen in non-turbulent 
situations. This interweaving is due to rotating flow structures (commonly termed 
vortices or eddies), occurring within the flow, disturbing its overall direction of 
movement. These vortices are stretched, twisted, and translated by the governing velocity 
of the flow, which is itself dictated by the instantaneous vorticity distribution (Davidson 
2004). As a result, vortices evolve and interact with each other, merging, diffusing, and 
forming new vortices as they do so.  
 
From this we can picture a turbulent field as a seething tangle of vortex tubes and sheets, 
constantly evolving under their self-induced velocity field. Therefore, turbulence is by 
nature spatially complex, contains a wide range of vorticity scales, and is chaotic in 
nature. If any of these three criteria are not met, then the flow cannot be said to be truly 
turbulent. This statement excludes flows that contain a small number of apparently 
disordered vortices, as well as seemingly complex flows that display no true chaotic 
features. 
2.2 Turbulence 
 8 
2.2.2. The Cause of Turbulence 
 
In the previous section three defining aspects of a turbulent velocity field were identified: 
 
• Spatial and temporal complexity 
• A wide range of vorticity scales 
• A chaotic nature 
 
This basic understanding of what turbulence is leads us to two interesting questions, 
‘How do these features occur within a flow?’ and ‘What is it that causes a flow to become 
turbulent?’. Following many previous works, Turns (1996) states that a flow makes the 
transition into turbulence when the instabilities contained within the flow are 
insufficiently damped by viscous action. In other words, as instabilities within the flow 
become too large for the viscous forces to sufficiently damp them out, the flow starts to 
produce complex fields of vorticity, and become chaotic in nature. This is not to say that 
the flow disobeys any physical law, or that properties in the flow exist by chance. All 
‘chaotic’ means is that, at a point in space and time within a flow, it is not certain that a 
flow property is at a predefined value.  So where do these instabilities come from? Based 
on many previous publications, Pope (2000) gives the root causes of instability as: 
 
- Unavoidable perturbations in initial conditions, boundary conditions, and 
material properties that occur in all turbulent flows. 
- An acute sensitivity of turbulent flow fields to such perturbations. 
 
The same perturbations exist in laminar flow, however, in laminar flow, they are damped 
out by the viscous nature of the fluid.  At some point, this damping is no longer sufficient 
and the flow becomes incredibly sensitive to the surrounding conditions. Osborne 
Reynolds (1883) first quantified this damping effect through the dimensionless parameter 
known as the Reynolds number. This number provides the ratio between the inertial and 
viscous forces present within the flow.  
 
µ
ρVD
=Re    
Viscosity  
pipe ofDiameter   
Velocity
Density  
=
=
=
=
µ
ρ
D
V
 
Equation 2.1 
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Reynolds demonstrated that for enclosed pipes, flows with a Reynolds number of less 
than approximately 2100 were laminar, whereas flows with a Reynolds number of greater 
than approximately 4000 were turbulent; between these two values, the flow underwent a 
transitional period containing turbulent bursts within a laminar field. This demonstrates 
that as the inertial forces start to dominate the viscous damping forces within the fluid, 
the flow becomes turbulent. 
 
2.2.3. Turbulence Theory 
 
Sections 2.2.1 and 2.2.2 have taken a brief look at what turbulence is, and what causes its 
development. However, we have not yet looked at the underlying physics behind 
turbulence generation, or the laws by which turbulence operates. In truth, a full 
understanding of these physical processes is yet to be achieved; a situation that is 
unsatisfactory in the eyes of scientists, engineers and mathematicians alike. In light of this 
‘knowledge gap’ theories have been proposed, built upon and modified over the years, 
but these have yet to be formally proven. Until such a proof is realised, we are left with 
weighing the plausibility of the different theories and assessing their merits with respect 
to experimental data, a non-trivial task in itself. Many of the current approaches to the 
problem of turbulence are based upon the theories of Richardson and Kolmogorov and for 
this reason the following sections contain a brief review of the ideas proposed by these 
two men. Before this is started, however, the concepts of turbulent length and time scales 
need to be introduced.  
 
A turbulent length scale is the distance across a flow that demonstrates a zone of 
correlating vorticity. Basically it is the size of flow structure that exhibits a level of 
vorticity, bearing in mind that this structure could be in a number of different forms such 
as a sheet, a tube, or a toroid. The time scale is the length scale divided by the 
characteristic velocity associated with the vortex, indicating its period of rotation.  
 
2.2.3.1 Richardson’s Energy Cascade 
 
In 1922 (Richardson) proposed the concept of the energy cascade, which has formed the 
basis for much of the subsequent work on turbulence. Richardson’s theory states that 
kinetic energy enters a fluid’s turbulent flow at the largest scales of motion; this energy is 
then transferred down through smaller and smaller scales until the energy is dissipated by 
viscous action at the very smallest scales.  
2.2 Turbulence 
 10 
Richardson considered the flow to consist of eddies of varying size and vorticity, 
localised within a region of size l. These eddies have a characteristic velocity u(l) and 
time scale: 
)()( lu
ll ≡τ  
Equation 2.2 
 
The region occupied by a large eddy can also contain smaller eddies. 
Eddies in the largest size range are characterised by a length scale lo and velocity uo. 
These characteristics are comparable to the length scale of the flow L, and mean flow 
velocity U. This means that if you consider the Reynolds number of these eddies, their 
inertial effects significantly dominate, resulting in negligible viscosity effects. 
 
ν
00Re luo ≡  
Equation 2.3 
 
Richardson’s view was that these large eddies break down, transferring their energy to 
smaller eddies. In turn, these smaller eddies break-up and transfer their energy to yet 
smaller eddies. This cascade of energy transfer continues until the eddies’ inertial effects 
are sufficiently small enough for their motion to stabilise and molecular viscosity to 
effectively dissipate the kinetic energy they contain. 
The rate of the dissipation process (ε ) is dependent on the rate of energy transferred 
from the largest eddies. These large eddies have energy in the range of uo2 and timescale 
ooo ul=τ . Therefore the rate of energy transfer, and thus dissipation, can be thought to 
be in the scale of oooo luu
32
=τ . We can conclude from this that, if this theory is 
correct, the rate of dissipation is independent of viscosity. 
 
2.2.3.2 The Kolmogorov Hypotheses 
 
In 1941, Kolmogorov extended the Energy Cascade concept through a series of 
hypotheses. As with Richardson’s model, Kolmogorov viewed turbulence as a multistage 
process involving a hierarchy of vortex sizes, where energy from the large scales is 
passed down through vortices of ever decreasing size. Predominantly, Kolmogorov 
focused upon the small scales within the energy cascade, hypothesising that their 
statistical properties only depend upon the kinematic viscosity of the fluid and the rate at 
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which energy is passed down through the cascade. In addition to this Kolmogorov stated 
that these small scales were both statistically universal and isotropic in nature (see section 
2.2.4.3 for more information on isotropy). 
 
Kolmogorov’s Hypothesis of Local Isotropy 
 
‘At high Reynolds numbers, the small-scale turbulent motions (with length scale l<<lo) 
are statistically isotropic.’ 
 
With this hypothesis, Kolmogorov made a distinction between large and small scales of 
turbulence. The large scales were viewed as being both anisotropic and statistically 
unsteady, a situation brought about by the manner of their generation. Conversely, the 
small scales, having much smaller length and time scales, were considered not to ‘feel’ 
the large scale anisotropy, and so could be viewed as locally isotropic in nature. In other 
words, the directional biases and geometrical definitions of the large eddies are lost as 
they breakdown into smaller eddies. It is useful to define a length scale lEI, which 
separates the anisotropic large eddies (l>lEI) and the isotropic small eddies (l<lEI). 
 
Kolmogorov’s First Similarity Hypothesis 
 
‘In every turbulent flow of sufficiently high Reynolds number, the statistics of the small-
scale motions have a universal form that is uniquely determined by the fluid’s kinematic 
viscosity and the rate of dissipation.’ 
 
As with Kolmogorov’s Hypothesis of Local Isotropy, his First Similarity Hypothesis has 
its root in the distinction between large and small scales of turbulence. In Kolmogorov’s 
understanding of the energy cascade, the large scales have only an indirect influence upon 
the smaller scales. This indirect influence results in the large scales, which are affected by 
the global geometry of the flow, having little influence upon the statistics of the small 
scales. What this means is that these small scales of turbulence have a universal ‘form’ 
that is independent of the manner in which the turbulence is generated or maintained (i.e. 
the same ‘form’ is found within wake flows, as well as jets, as well as grid turbulence 
etc.). Kolmogorov identified two important parameters that affect the small isotropic 
eddies within a turbulent flow: 
 
- The rate at which the small scales receive energy from the large scales ( )EIΤ  
- The kinematic viscosity of the fluid (ν ) 
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As with Richardson’s theory, Kolmogorov stated that the rate of dissipation ( )ε , was 
dependent on the rate of energy transfer from the large eddies ( )EIΤ . Therefore they could 
be viewed as being approximately equal. The size range over which the rate of dissipation 
and viscosity have sole influence is termed the Universal Equilibrium Range.  
 
 
Figure 2.1 – Kolmogorov’s Universal Equilibrium Range 
 
Some experimental data does appear to support this concept of universality. For example, 
Saddoughi and Veeravalli (1994) demonstrated that for high Reynolds number flows, the 
normalised energy contained within the turbulence below a certain scale fits along the 
same curve when plotted against the size of scale (normalised with respect to the 
Kolmogorov scale). This same curve fit is demonstrated for many types of turbulence 
generation such as wakes, ducts, pipes, etc.. 
 
The Kolmogorov Scales 
 
Using the two important parameters of viscosity and dissipation rate, Kolmogorov 
produced a unique set of scales through dimensional analysis; now known as the 
Kolmogorov scales.  
Kolmogorov Length Scale  
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These scales characterise the very smallest dissipative eddies. This can be reasoned by 
substituting the Kolmogorov scales into the Reynolds number equation: 
 
1                Re
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η
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ηuul
 
Equation 2.5 
 
This shows that the inertial and viscous forces are in balance at these scales of turbulence. 
 
Kolmogorov’s Second Similarity Hypothesis 
 
‘In every turbulent flow of high Reynolds number, the statistics of the motions of scale l in 
the range η>>>> llo  have a universal form that is uniquely determined by the rate of 
dissipation, and as such, independent of viscosity’ 
 
As Richardson did with his Energy Cascade Hypothesis, Kolmogorov considered the rate 
of dissipation to scale with oo lu
3
. He then used this relationship to gain a greater 
understanding of the ratio between the smallest and largest scales of turbulence found 
within a given flow. 
 
( ) ( )
4
34
3
4
1334
13
Re −
−
=





=== o
oo
o
oo
oo
ul
l
ul
ll ν
νενη
 
Equation 2.6 
 
This demonstrates that the ratio ol/η  decreases with increasing Reynolds number. 
Therefore, for a given flow, the higher the Reynolds number, the smaller the subsequent 
eddy size at which dissipation occurs. It follows from this that for flows with very high 
Reynolds numbers, there will exist a range of turbulence scales that are small compared 
with ol , and as such in the Universal Equilibrium Range, but large compared with the 
dissipative eddies of scaleη , and as such little affected by viscosity. As a result, 
Kolmogorov separated the Universal Equilibrium Range into two distinct sub-ranges, the 
Dissipation Sub-Range and Inertial Sub-Range, separated by the length-scale DIl . 
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Figure 2.2 – Kolmogorov’s Sub-range model 
 
 Alterations to Kolmogorov’s Theory 
 
Although Kolmogorov’s hypotheses are indeed plausible and have shown themselves to 
be useful to our fundamental understanding of turbulence, we must be careful of 
endorsing all aspects of this theory without strong collaboration from experimental work. 
For example, it has now been demonstrated (Ishihara et al. 2002) that, although local 
isotropy usually holds for very high energy flows, in some flows large scale anisotropy 
can be shown to strongly affect the other smaller scales, right the way down to the 
dissipation range. In addition to this, Kolmogorov’s original claim of Universality has 
also come under much criticism. One of first objections to the idea of turbulence taking 
on a universal form can be traced to Landau in his book on Fluid Mechanics (1959). The 
basis of Landau’s objection was that it should not be the globally averaged dissipation 
rate that is taken into account, but rather it should be a local dissipation rate, averaged 
over a region greater then η but smaller that LEI. This local average of dissipation would 
then be a random function of space and time, affecting the structure of the local 
turbulence. For this reason, Landau reasoned that the structure of the small scales could 
therefore be different for different flows, depending on the variation of the local 
dissipation rate.  
 
As a result of the objections raised, Kolmogorov proposed an alteration to his theory on 
turbulence in 1962. This modification took into account the concept of a variation in the 
dissipation rate, utilising a local spatial average. In fact, Kolmogorov went on to propose 
a simple statistical model for the variation in dissipation rate incorporating an 
intermittency component. The precise form of Kolmogorov’s amendment to his theory is 
not generally accepted, however, the essential idea of an intermittent dissipation is now 
generally accepted.     
 
Eddy Size (l) 
Energy Containing 
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Universal Equilibrium Range 
lEI lo L 
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2.2.3.3 Other Length Scales 
 
We have already introduced the two length scales that are involved in the Kolmogorov 
hypotheses: 
- The characteristic width of flow (L) 
- The Kolmogorov Length Scale (η ) 
In literature there are many other length scales that have been defined over the years but 
(in addition to the scales above) two of the most commonly cited scales are: 
- The Integral scale, L  
- The Taylor Microscale, λL  
 
The Integral Scale, L  
 
The Integral Scale represents a characteristic size of eddy that contains most of the kinetic 
energy within the flow. In size it is always smaller than the characteristic width of flow 
but is generally of the same order of magnitude. The integral scale is based on the 
integration of the normalised two-point correlation f(r,t),which provides the covariance of 
two points in the flow relative to each other. 
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∞
=
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Equation 2.7 
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Equation 2.8 
→fu  Fluctuating component of velocity, see section 2.2.4 
→x  Position in the flow 
→r  Offset displacement from point x 
 
The size of the integral scale is dependent upon the geometry of the flow. For example, in 
internal combustion engines, the integral length scale is dependent upon the bore size. 
Using 2-plane particle image velocimetry measurements Guibert and Lemoyne (2002) 
recorded integral length scales of up to 10mm during the intake stroke of a single cylinder 
IC engine with an 80mm bore. 
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The Taylor Microscale, λL  
 
The Taylor Microscale is an intermediate scale that lies between the integral and 
Kolmogorov scales. Like the integral scale it is based upon the normalised two-point 
correlation ( )trf , . 
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Through substitution and manipulation this can be shown to equal: 
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The Taylor microscale is a quantity that is often used to define the largest scale of 
turbulent eddie that is significantly affected by fluid viscosity. It is therefore forms the 
boundary between the inertial and dissipation ranges.  
 
Sick et al. (2001) published Taylor microscales of between 1 and 2mm for a fan-stirred 
combustion bomb with and longitudinal integral scale of 8mm 
 
2.2.4. Statistical Analysis of Turbulent Flows 
 
In section 2.2.1 we introduced the chaotic nature of turbulent flow resulting in the random 
velocity fields produced. This inherent uncertainty and lack of predictability means that 
we cannot rely on a complete theory to describe the flow exactly, nor can we repeat a 
given flow exactly the same at another time.  However, it turns out that although the 
development of a velocity field itself is not reproducible, the statistical properties 
associated with that field normally are reproducible. It is for this reason that statistics are 
so important in the field of turbulence. This section looks at some of the terms and 
techniques used to statistically describe turbulence. 
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2.2.4.1 Averages 
 
One of the first aspects of turbulence statistics that needs to be clarified, is that of 
averages. There are different ways in which averages are calculated, resulting in different 
situations in which they should be applied and different manners in which the results 
should be interpreted. There are three types of averaging commonly used: 
 
• Time Averaging 
• Ensemble Averaging 
• Spatial Averaging 
 
Time Averaging uses data is recorded at a single point in space throughout a given time 
interval. It is generally used where there is no decay in the turbulent field and there is no 
alteration in the method of its generation. It is useful in applications where there is a 
constant flow or movement. 
 
Ensemble Averaging utilises data from repeated experiments. Data taken at the same 
spatial point within a geometry, and at the same time from a triggering event, is averaged 
across different experimental runs. It is a useful tool when investigating flows that decay 
over time or where specific attributes change in a controlled manner (such as volume or 
pressure). A good example of where ensemble averaging is useful is the study of the flow 
inside IC engines. 
 
Spatial Averaging takes into account data from a specific volume or area, recorded at a 
single instance in time. It is useful where either the turbulence is statistically 
homogeneous over the volume in question or the bulk flow is developing over a time 
period. 
 
2.2.4.2 Probability Related Statistics 
 
Sample Space 
 
The sample space of a variable is the numerical range through which that variable could 
possibly exist.  A variable can then be related to different regions and points within its 
sample space.  
 
Figure 2.3 – Sample Space 
Sample Space Va Vb 
Region A 
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Probability 
 
The probability of an event is the likelihood of the variable in question existing within 
specified region or point with in the sample space, at a given position and time. 
 
}{)( ba VUVPAPp ≤≤==  
Equation 2.11 
 
In this example, the probability of event A occurring is the probability that the variable U 
exists between the values of Va and Vb. 
 
Cumulative Distribution Function 
 
The Cumulative Distribution Function (CDF) is the probability of an event occurring 
between -∞ and a point in the sample space. CDF’s can be used to describe the 
probability of an event occurring within a particular region of the sample space. 
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Equation 2.12 
 
Where F(V) is the Cumulative Distribution Function. The CDF of an event can easily be 
depicted on a graph: 
Figure 2.4 – Cumulative Distribution Function 
 
Va Vb 
F(V) 
P(A) 
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Probability Density Function 
 
The Probability Density Function (PDF) is the derivative of the CDF with respect to the 
variable in question: 
 
dV
VdFVf )()( =  
Equation 2.13 
 
It is the probability of an event occurring per unit distance along the sample space. 
 
Figure 2.5 – Schematic of pdf calculation 
 
2.2.4.3 Statistical Stationarity, Homogeneity, and Isotropy 
 
A field is said to be statistically stationary if the statistical profile of the entire flow is 
invariant under a time shift.  
 
A field is said to be statistically homogeneous if the field’s statistics are invariant under a 
shift in position. If a field is statistically homogeneous, then the mean velocity of the flow 
must be uniform. 
 
If a field contains homogeneous turbulence, then the fluctuating turbulence field u’ is 
statistically homogeneous. This allows for the velocity gradients within the flow to be 
non-zero yet the turbulence to still maintain uniformity. 
 
If a field contains isotropic turbulence then the fluctuating turbulence field is not only 
statistically invariant under translations in the coordinate system origin, but also under 
rotations and reflections of that origin. This means that the turbulence displays no 
intrinsic directional preference. 
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2.2.5. Decomposition 
 
Decomposition refers to the splitting up of a signal into distinct components, enabling 
certain aspects to be analysed. Below are a number of different decomposition algorithms 
that have been developed in order to analyse velocity vector fields of turbulent flows. 
 
Reynolds Decomposition 
 
Basically Reynolds decomposition splits a velocity field into mean and fluctuating 
components. The fluctuating component is calculated by subtracting the mean component 
from the instantaneous value.  
Figure 2.6 – Reynolds Decomposition 
 
uuu f −=  
Equation 2.14 
 
The mean used within the decomposition can be calculate a number of different ways, 
depending on the type of flow in question (see section 2.2.4.1). In terms of visualising 
turbulent structures, Reynolds decomposition can pick up the presence of most vortices 
within a flow but fails when it comes to structures containing velocities that differ widely 
from the mean. It is common to define the intensity of the turbulent fluctuations in terms 
of root-mean-square quantities: 
 
2uu =′  
Equation 2.15 
The relative turbulent intensity is: 
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Equation 2.16 
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Galilean Decomposition 
Galilean decomposition is used to provide better visualisation of vortices that are 
travelling at velocities much greater than the mean. It is conducted by subtracting a single 
non-mean velocity from the field, if a vortex is travelling at the same velocity as that 
subtracted, then the vortex will become more visually apparent. Galilean decomposition 
is useful for picking up small scales of turbulence that move at velocities that differ 
widely from the mean. (Adrian et al. 2000) 
 
Large Eddy Decomposition 
Large Eddy Decomposition operates on the principle that any small vortices that occur 
within a flow must be moving at the same velocity as the larger vortices embedded within 
the flow. Separation of these large and small scales can be achieved by applying a low-
pass filter to the vector field, averaging out vectors with those in a small area surrounding 
them, thus revealing the large-scale structures. This low-pass field can then be subtracted 
from the original field, revealing the small scales that were previously averaged out. 
(Adrian et al. 2000) 
 
Proper Orthogonal Decomposition 
Proper orthogonal decomposition (POD), also known as Karhunen-Loeve decomposition, 
decomposes a vector field into different energy modes. It operates in a similar manner to 
Large Eddy Decomposition but instead of a homogeneous low-pass filter being applied, 
an inhomogeneous filter is used that reflects the inhomogeneous nature of the flow 
(Adrian et al. 2000). 
 
2.2.6. A Conclusion to Turbulence 
 
Here ends the review of turbulence, it is by no means a definitive study, as such a 
dedicated investigation would fill a large number of books on its own. However, this 
section has provided an overview of what we understand turbulence to be, what causes it, 
and how people try to quantify it.  The first conclusion that can be drawn from this review 
is that the field of turbulence is complex.  It is a phenomenon for which only theories 
exist regarding the underlying physics, and for which there is no definitive method of 
quantification. A situation that somewhat hampers our understanding of turbulent 
combustion. The second conclusion is that, despite all of these issues, progress is still 
being made with the ‘problem’ of turbulence and there are tools and techniques in 
existence that can be brought to bear, as well as built upon.   
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2.3.  COMBUSTION 
 
The following review looks at combustion. The section is broadly split into two parts, the 
first dealing with laminar combustion, the second with turbulent combustion. The aim of 
the first part is to look at what is known about the propagation of a flame through a 
premixed charge. The aim of the second part is to explore how turbulence affects the 
manner in which flames propagate. The focus of this section, and indeed this research as a 
whole, is how turbulence affects and responds to premixed combustion. The reason for 
this focus is that many ‘real world’ systems, such as spark-ignition internal combustion 
engines and industrial burners, operate in this manner. Increased understanding of the 
complex interaction between flame and flow will aid optimisation of the efficiency and 
functionality of these devices. However, before further understanding can be gained, what 
is currently known and understood needs to be examined. 
2.3.1. The nature of Combustion 
 
Combustion is a chemical reaction during which a fuel is oxidised, releasing energy. 
There are two general forms in which combustion can occur, deflagration and detonation. 
Deflagration describes an event that involves a subsonic combustion wave, where a 
discrete, self-propagating combustion zone (or flame) travels through the reactants. In 
contrast, detonation describes an event that involves a combustion wave that propagates 
at supersonic velocities. Deflagrations are easier to control than detonations, and better 
suited when the goal is to move an object with the force of the expanding gas. For this 
reason we will only consider deflagrations. In addition, there are two classes of flame that 
can be identified, pre-mixed and non-premixed (diffusion) flames. For a premixed flame, 
the fuel and oxidiser are mixed at a molecular level prior to ignition. In contrast, for a 
diffusion flame, the fuel and oxidiser are initially separated but reactions can occur at 
their interface when they mix. During this study, only premixed flames have been 
investigated. 
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2.3.2. Laminar Premixed Flames 
 
The most simplistic form of flame propagation is that of the premixed laminar flame. 
Consider the idealised situation where a flame front is maintained at a stationary position 
within a container by the flow of premixed reactants normal to its surface. The effects of 
containment can be neglected and the gas flow is uniform across the container. This set-
up means that the flame is free from influences due to turbulent flow structure, and so is 
termed laminar 
 
 
Figure 2.7 – Flame Propagation 
 
2.3.2.1 Laminar Burning Velocity and Flame Thickness 
 
The laminar burning velocity, LS , is the most important quantity in premixed combustion 
and is defined as the velocity at which the flame front propagates normal to itself, relative 
to the flow of the unburned mixture. Peters (2000) describes the laminar burning velocity 
as a thermo-chemical transport property that depends primarily on the equivalence ratio 
of the mixture, the unburnt mixture temperature, and the pressure. The laminar burning 
velocity can be measured through experimentation or calculated numerically to a 
relatively high degree of accuracy. Andrews and Bradley (1972b) conducted a review of 
previous studies on laminar burning velocities and subsequently published data for 
methane-air mixtures using techniques that they considered to be the most accurate. Since 
then, numerous researchers have published data on methane/air burning velocities at 
various stoichiometries, pressures and temperatures such as Hassan et al. (1998), Gu et al. 
(2000) and Tahtouh (2009). An accurate measurement of laminar burning velocity can 
only be achieved where the flame is propagating in the same direction as the surrounding 
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gas. If this is not the case then assumption that the flame propagates normal to itself 
cannot be made. 
 
 
Figure 2.8 – Laminar burning velocities for methane air mixtures presented in literature at 0.1MPa and 300K 
 
Another important quantity when looking at premixed laminar flames is the flame 
thickness ( )Fl ; which is the combined thickness of the inner reaction zone ( )δl , the 
pre-heat zone ( )Pl , and the oxidation layer ( )Ol . Figure  2.9 demonstrates the change in 
the mole fraction of the reactants and products, in conjunction with the change in 
temperature, across a flame front of stoichiometric methane and air at 0.1MPa and 300K 
initial conditions, as computed by Gillespie et al.(2000). Overlaid is the approximate 
reaction zone labels given by Turns (1996). 
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Figure 2.9 – Diagram of Flame composition 
 
The thickness of the reaction zone is related to the flame thickness by the fraction δ . 
 
  Fll δδ =  
Equation 2.17 
 
The flame thickness can also be defined by the relationship below (Turns 1996): 
 
  
L
F S
D
=l  
  
u
PC
k
D
ρ
δ






=  
 
Equation 2.18 
 
D    – Diffusivity of the flame (m2/s) 
k    –  Heat conductivity (W.m-1.K-1) 
PC  – Specific heat at constant pressure (kJ.kmol-1.K-1) 
δ     – Evaluated within inner reaction zone 
uρ   – Density of Unburnt Gas (kg.m-3) 
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Peters (1991) estimated the laminar flame thickness to be 0.175mm, and the value of δ to 
be approximately 0.1 for a stoichiometric methane-air flame at atmospheric pressure. 
 
2.3.2.2 Factors Influencing Flame Velocity and Thickness 
Temperature 
Temperature has a strong influence on laminar burning velocity; the higher the 
temperature of the unburnt gas (and hence burnt gas), the faster the burning velocity as 
shown by the work presented by Gu et al.(2000). Assuming that the diffusivity of the 
flame remains constant, the increase in velocity will be accompanied by a decrease in 
flame thickness. If the unburnt gas temperature is kept constant, but the burnt gas 
temperature is reduced (additional heat loss) then the burning velocity will be reduced, 
and the flame thickness will increase (Turns 1996). 
Pressure 
Experiments have shown that, in general, pressure has a negative effect on laminar flame 
speed (SL). as demonstrated by Gu et al. (2000). For methane-air flames Gu et al. 
recorded a reduction in laminar burning velocity from 0.368 m.s-1 at 0.1 Mpa to around 
0.15 m.s-1 at 1 Mpa  
Equation 2.19 
Equivalence Ratio 
For a given fuel, the equivalence ratio affects the burning velocity due to its affect on the 
flame temperatures. The maximum flame temperature occurs just rich of stoichiometric; 
therefore the maximum flame speed will occur at around this equivalence ratio as shown 
by Gu et al (2000). The flame thickness will demonstrate the reverse trend. 
Fuel 
Different fuels demonstrate different burning velocities and flame thicknesses due to their 
differing thermal diffusivities, mass diffusivities, and chemical kinetics. Law (1993) 
presented a compilation of laminar burning velocities for various pure fuels and mixtures. 
Generally, the C3-C6 hydrocarbons display very similar trends as a function of flame 
temperature; Acetylene and Ethylene have velocities greater than this group, and methane 
somewhat lower. Hydrogen has a burning velocity many times greater than these fuels 
due to its simple structure; which results in greater diffusivities and fast chemical 
kinetics. 
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2.3.2.3 Laminar Flame Propagation 
 
In order for a flame to be sustained it must propagate through an appropriate mixture of 
unburned reactants. This propagation of the flame is due to the transportation of heat and 
radical species from the reaction zone to the preheat zone. The diffusion of these 
properties are described by Fourier’s Law of Conduction and Fick’s Law of 
Diffusion.(Turns et al. 1996) 
 
Fourier’s Law of Conduction 
 
Fourier’s Law of conduction gives the rate at which heat moves through a substance due 
to the temperature gradient induced across it. It can be simply stated as: 
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Equation 2.20 
 
This equation assumes that the heat transfer in question occurs under steady state 
conditions, and does not take into account the heat storage capacity of the material. If we 
consider a control volume of thickness x∆ , the principle of conservation of energy can 
be stated as: 
 
It can be shown (Kreith and Bohn 2001) that this relationship can be expressed as: 
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Equation 2.21 
 
Where the term on the left physically represents the net rate of heat conduction into the 
control volume, and the term on the right represents the rate of increase in internal 
energy. The terms pck  and ,, ρ  can be grouped together to form the Thermal Diffusivity 
of the medium (m2.s-1) (α ) as: 
 
Rate of heat conduction 
into control volume 
Rate of heat conduction 
out of control volume 
Rate of energy storage 
inside control volume 
= + 
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pc
k
ρ
α =  
Equation 2.22 
Fick’s Law of Diffusion 
 
Fick’s Law describes the rate at which one species diffuses through another. For the case 
of one-dimensional binary diffusion in a non-reacting gas mixture of species A and 
species B, Fick’s Law (on a mass basis) is: 
 
 
( )
dx
dYDmmYm AABBAA ρ−′′+′′=′′ &&&   
 
Equation 2.23 
 
This equation states that species A is transported by two means, bulk motion of the fluid 
(the first term on the right hand side of the equation), and diffusion (the second term). 
The diffusion component of the mass transportation can be thought of as the diffusional 
flux of species A and is proportional to the gradient of the mass fraction. 
 
The Lewis Number 
 
The Lewis number is the ratio of thermal diffusivity to mass diffusivity for a given 
reactant mixture. 
 
D
Le α=  
Equation 2.24 
 
It is a unit that is often used to characterise a particular combustible mixture as it provides 
information on the propagation of a flame, based solely on its chemical composition 
irrespective of external influences. Work carried out on reactant mixtures of differing 
Lewis number have shown that this ratio of diffusivity plays a significant role in flame 
propagation; for example the work carried out by Samaniego and Mantel (1999). The 
affect of Lewis number on flame propagation is looked at in section 2.3.3.4 where the 
concept of thermal-diffusive instability is introduced. 
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2.3.3. Turbulent Premixed Flames 
 
Section 2,2 has already looked at the nature of turbulence and the ways in which it can be 
characterised. In this section, the interaction between turbulence and flame propagation 
within a premixed charge will be examined. Within turbulent flows the rates of transfer 
and mixing are several times greater than that of the laminar flows in the previous 
section. Therefore, the flame propagation within a turbulent field is dependent, not just on 
the thermal and chemical properties of the mixture, but also the turbulent character of the 
flow (Turns 1996). 
 
2.3.3.1 Turbulent Burning Velocity 
 
The burning velocity of a flame front that is propagating through a turbulent field is 
generally calculated on a ‘global’ basis. This means that the average rate of consumption 
for the entire flame is considered and is a measure of the rate at which the reactants are 
consumed by the flame front. This method of flame speed calculation requires three 
different aspects of the interaction to be measured. The first of these aspects is the rate at 
which the reactants are being introduced to the flame so that a rate of consumption can be 
produced in terms of a mean velocity. The second aspect is the flame surface area, this is 
needed so that the consumption can be related to a unit area of flame and thus be 
correlated to the laminar burning velocity. This is usually established by calculating a 
surface density for the flame (Area of turbulent flame front AT / Area of equivalent 
laminar flame front AL) 
 
Figure 2.10 – Diagram of Flame Surface Density 
 
Lastly, a measurement of the turbulence is needed in order to relate a change in the 
burning velocity to the flow field in question. All three of these aspects can only be 
realistically measured over a time basis, resulting in the turbulent burning velocity being 
a statistical measurement. This means that, although global measurement is a highly 
useful tool for understanding the impact of turbulence on flame propagation, it does not 
provide the information required for the determination of how a flame fundamentally 
reacts to different flow structures.   
AL
AT
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The turbulent burning velocity could also be calculated on a local basis in the same 
manner as the laminar burning velocity. However, this is fraught with difficulties due to 
the complex three-dimensional nature of turbulent flows. The flame front is shifted and 
deformed by the flow field making it difficult to relate a flame front at one point in time 
(usually imaged in a two dimensional sheet) to the same flame front a moment later. 
 
2.3.3.2 Characterising Turbulent Combustion 
 
In order to characterise the relationship between the flame front propagation and the 
turbulent flow field, several different dimensionless parameters have been developed. 
The Turbulent Reynolds Number 
 
The Turbulent Reynolds Number for a non-reacting flow is defined as: 
 
  
ν
11Re LuT
′
=                   
 viscosityKinematic 
scalelength  IntegralL
intensity Turbulence '
11
−
−
−
ν
u
 
Equation 2.25 
 
This equation compares the inertia of the turbulence (characterised by the energy 
containing integral scale) to the dissipative effect of the fluids kinematic viscosity. This 
relationship, however, contains no information on the interaction between the turbulent 
inertia and the combustion event. Therefore, the following Turbulent Reynolds Number is 
often used when considering reacting flows: 
 
FL
T S
Lu
l
11Re
′
=  
Equation 2.26 
 
In this form the viscosity term is replaced by the multiplication of the burning velocity by 
flame thickness. This can be carried out because in most flames the Prandtl number, 
which is the ratio between kinematic viscosity and thermal diffusion, is unity. As shown 
in 2.3.2.1, the flames diffusivity is equal to the flame thickness multiplied by the burning 
velocity, therefore the substitution of ν  by FLS l  can be carried out. This form of the 
turbulent Reynolds number can be thought of as the ratio between the inertia of the 
turbulence (characterised by the energy containing integral scale) and the inertia of the 
propagating flame. This ‘flame inertia’ has a dissipative effect on the turbulent eddies as 
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they intersect with each other and so displays a kind of viscous action upon the 
turbulence. 
The Damköhler Number 
 
The Damköhler Number is the ratio between the characteristic flow time of the turbulent 
eddies and the characteristic chemical time of the reaction. It is a dimensionless number 
used to characterise the relationship between the turbulence induced mixing rate, and 
flame propagation rate under laminar conditions: 
 
  
Chem
FlowDa
τ
τ
=   
Time Chemical sticCharacteri
Time Flow sticCharacteri
Chem −
−
τ
τ Flow
 
  
u
L
Flow
′
=
11τ   
L
F
Chem S
l
=τ  
  
u
SL
Da
F
L
′
=
l
11
 
Equation 2.27 
The Karlovitz Number 
 
The Karlovitz number is closely related to the Damköhler number, essentially describing 
its inverse, as a characteristic chemical time divided by the a characteristic flow time. It is 
often calculated in terms of the flame characteristics relative to the smallest scales of 
turbulence, described by the Kolmogorov scale as shown below: 
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Equation 2.28 
 
The Karlovitz number is also sometimes referred to as the Karlovitz stretch factor as it 
relates the rate of flow movement to the flame propagation rate. More information on 
stretch is found in section 2.3.3.5. An alternative form of the Karlovitz number is also 
shown in Equation 2.34 of section 2,3,3,3 .A second Karlovitz number can also be used, 
which relates the Kolmogorov scales to the scale of the inner reaction zone of the flame. 
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Equation 2.29 
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2.3.3.3 Regimes of Combustion 
 
Many studies have been conducted over the years in order to characterise how turbulent 
flow structures affect flame front propagation. Through these studies, it has been 
identified that flame fronts demonstrate different propagating structures or ‘regimes’ 
depending on the relationship between the turbulent eddies within the reactant mixture, 
and the properties of the reactants. Barrère (1974) recognised four different regimes, 
which he classified using two dimensionless groups: the ratio of the turbulence integral 
scale ( )11L  to the flame front thickness ( )Fl , and the ratio of the turbulence intensity 
( )u′  to the laminar burning velocity ( )LS . The classifications were: 
 
 -  Pseudo Laminar Flames,     1/11 <FL l     &    1/ <′ LSu  
 -  Wrinkled Flames,                1/11 >FL l     &    1/ <′ LSu  
 -  Volumetric Combustion,    1/11 <FL l     &    1/ >′ LSu  
 -  Pocket Flames,  1/11 >FL l     &    1/ >′ LSu  
 
This view of different combustion regimes was shared and developed further by Borghi 
(1985), who produced the following diagram: 
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Figure 2.11 – Borghi’s combustion regime diagram 
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Peters (2000) modified Borghi’s diagram and added additional interpretation for the 
classified regimes. 
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Figure 2.12 – Peter’s combustion regime diagram 
 
Wrinkled Flamelet Regime 
 
The Wrinkled Flamelet Regime is defined as occurring when the turbulent intensity is 
less than the laminar burning velocity. In this regime, the turnover velocity of even the 
large eddies is not high enough to compete with the advancement of the flame front and 
as a result, the flame front is merely wrinkled by the turbulent eddies. 
 
Corrugated Flamelet Regime 
 
This regime occurs when the Turbulent Reynolds Number is greater than unity, (Re>1), 
and the Karlovitz number is less than unity, (Ka<1). This means that the laminar burning 
velocity is less than the turbulence intensity, but greater than the Kolmogorov velocity 
( )ηuSu L >>′ . Within this range there is a kinetic interaction between the turbulent 
eddies and the advancing flame front, resulting in the flame front becoming corrugated in 
structure. To determine the size of the eddy that interacts locally with the flame front, 
Peters (2000) equates the turnover velocity of an eddy ( )Nu  to the laminar burning 
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velocity ( )LS . He argues that, due to the energy cascade principle and dimensional 
scaling laws, the turnover velocity ( )Nu  can be equated to the size of the eddy ( )Nl  by: 
 
NNu lε=
3
 
Equation 2.30 
 
Therefore, substituting LN Su =  we define the length scale at which the interaction 
occurs; this is denoted as the Gibson Scale Gl . 
 
  
ε
3
L
G
S
=l  
Equation 2.31 
 
Only eddies of size Gl  can interact with a flame front. Larger eddies have turnover 
velocities exceeding the laminar burning velocity and so push the flame front around, 
corrugating the flame front. Smaller eddies have a turnover velocity smaller than LS  and 
so will not even be able to wrinkle the flame front. 
 
Thin Reaction Zones 
 
The Thin Reaction Zones Regime is defined as occurring when: 
 
  1        ,1      ,1Re <>> δKaKa  
 
These inequalities indicate that the smallest eddies within the flow of size η  
(Kolmogorov Scale eddies) are smaller than the flame thickness ( )Fl  but still larger than 
the inner reaction zone of the flame ( )δl . This means that these eddies can enter into the 
reactive-diffusive flame structure, but cannot penetrate into the inner layer. Peters again 
used the Kolmogorov principle and dimensional analysis to produce an equation for the 
eddy turnover time: 
 
  
ε
2
3 N
Nt
l
=  
Equation 2.32 
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He then substituted the turnover time for a quench time qt . The quench time is the 
inverse of the rate of strain that is needed to extinguish a premixed flame (Peters 1991); 
staining of the flame is where the flame front is stretched of compressed due to fluid-
dynamic effects (see section 2.3.3.5). This new equation gives an eddy size Nl  that has a 
turnover time that is able to transport preheated fluid from the pre-heat zone over a 
distance equal to its own size without quenching the flame. This size of the eddy is 
denoted Ml . 
 
  
3
qM tε=l  
Equation 2.33 
 
Smaller eddies will also be able to do this, but their effect will be masked by the larger 
eddies of size Ml . 
 
The boundary between the Corrugated Flamelet Regime and the Thin Reaction Zones 
Regime at 1=Ka  is known as the Klimov-Williams Criterion. Along this line the flame 
time is equal to the Kolmogorov time and the Laminar Burning Velocity is equal to the 
Kolmogorov Velocity. 
 
Figure 2.13 – Diagram of eddy turnover 
 
The physical interpretation of Ml  is that it is the maximum distance that preheated fluid 
can be transported ahead of the flame. 
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Broken Reaction Zones 
 
Peters describes the Broken Reaction Zones Regime as occurring when the second 
Karlovitz Number is greater than or equal to unity ( )1≥δKa  (see figure 3.4). Under this 
regime, the Kolmogorov eddies are smaller than the inner reaction zone to the flame front 
and are thus able to enter into it, causing perturbations. The consequence of this is that 
chemistry breaks down locally within the reaction zone, due to enhanced heat loss to the 
preheat zone, and the reaction zone is broken-up.  
 
Other Combustion Diagrams 
 
Abdel-Gayed et al. (1989) produced a different version of Borghi’s Regime Diagram 
from experimental data. 
 
Figure 2.14 – Abdel-Gayed’s combustion regime diagram 
 
This diagram shows similar trends to Peters’ and Borghi’s diagrams, but utilises the a 
form of the Karlovitz number based on the Taylor scale as a means of differentiating 
between regimes. 
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Abraham, et al. (1986) produced a combustion regime characterised by the relationship 
between the Damköhler Number and the Turbulent Reynolds Number ( )ν11Re Lu′= . 
 
Figure 2.15 – Abraham’s combustion regime diagram 
 
They utilised the limiting regimes of Reaction sheets and Distributed Reaction but did not 
specify a precise boundary between them. It was observed that if the integral scale of 
turbulence was significantly smaller than the flame thickness, then a distributed reaction 
regime was in effect. Likewise, if the Kolmogorov Scale was significantly greater than 
the flame thickness then the Reaction Sheets Regime occurred. However, it was noted 
that between these boundaries existed an unknown region where one or more additional 
regimes could exist. Abraham et al. found that, based on estimates of engine combustion 
parameters, IC engines generally operated within this unknown region. 
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2.3.3.4 Flame instability 
 
As has already been discussed, the rate at which a flame front propagates through a 
turbulent field is substantially affected by the fluid dynamic characteristics present, the 
dominant mechanism being the increase of flame surface area. However, in addition to 
this, instabilities within the flame propagation mechanism have also been shown to 
substantially effect local flame structure and thus overall consumption rates. The two key 
instabilities relevant to the research presented here are hydrodynamic instability, 
commonly referred to as the Darrieus-Landau instability, and preferential thermal-
diffusive instability. The first observations of these instabilities were reported by 
Smithells and Ingle in the 19th century, and have been a point of interest and research ever 
since. The independent discovery of cellular flames by Drozdov and Zel’dovich in 1943 
and Markstein (1964) is a manifestation of these instabilities, the nature of which is 
determined by the reactants present. 
 
Darrieus-Landau instability 
 
The physical mechanism underlying hydrodynamic or Darrieus-Landau instability is that, 
if a flame front experiences some form of perturbation, the resulting curvature induces 
convergence or divergence in the reactant flow ahead of the flame front. This in turn 
causes the local reactant flow speed to change. A reactant flow heading towards a flame 
with positive curvature (convex toward the reactants) will cause convergence of the 
reactant flow as it crosses the flame. As momentum conservation of the products and the 
reactants must be satisfied across a flame front, the reactant flow speed along streamlines 
approaching the flame will slow, the opposite is true for negative flame curvature. As a 
result, the local flow velocity changes, but the burning velocity remains the same; 
therefore both convex and concave bulges grow is amplitude. This means that the flame is 
highly sensitive to small perturbations and thus unstable (Aldredge and Zuo 2001). 
However, since laminar flames are known to be stable over a wide range of conditions, 
the theory of unconditional hydrodynamic instability has been widely challenged since its 
inception. The first attempt to bridge this gap between observed results and theory was 
put forward my Markstein (1964) who suggested that flame speed is not constant but is 
affected by the local flame profile. He suggested that flame speed was linked to the local 
curvature of the flame by the following relationship: 
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Equation 2.35 
 
Where Sd is the local flame displacement speed, 0LS  is the Laminar Burning Velocity 
with Zero Stretch, Rc is the radius of curvature of the flame front (positive is convex 
towards the unburned reactants) and L is the Markstein length, which is a measure of the 
response of the burning velocity to the flame curvature.  
 
Markstein’s work indicated that the local response of a flame front, in terms of burning 
velocity, to perturbations in the flow field were of importance to stability of the 
combustion event. This finding initiated considerable research, both experimental and 
theoretical, into the perturbed burning velocity and the concept of preferential thermal-
diffusive instability. 
 
Preferential, thermal-diffusive instability 
 
The concept of preferential thermal-diffusive instability centres around the idea that local 
burning velocity changes across bulges or wrinkles in the flame surface due to local 
variations in enthalpy or mixture composition.   
 
In the case of thermal-diffusive instability, a disparity between the heat lost from the 
preheat zone due to molecular conductivity and the energy supplied by molecular 
diffusion within curved regions causes an increase or decrease in local burning velocity. 
If the diffusivity of the reactants is greater than the heat lost, positively curved flames 
(convex towards the reactants) will exhibit a higher burning velocity than negatively 
curved flames because the flame surface is exposed to a larger area of unburned reactants; 
the opposite is true for negatively curved regions. Therefore, the degree of instability 
exhibited by a reaction is highly dependent upon the Lewis number.  The relationship 
between curvature, Lewis number and burning velocity is shown in figure 2.15 and 2.16.    
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Figure 2.16 – The effect of curvature on local burning velocity due to thermal-diffusive instability when Le<1 
 
 
Figure 2.17 – The effect of curvature on local burning velocity due to thermal-diffusive instability when Le>1 
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In the case of preferential diffusion instability, the relationship between the diffusivity of 
the different reactants involved alters the local burning velocity depending on the flame 
profile. If the reactant mixture is not stoichiometric, then the ratio between the diffusivity 
of the deficient reactant (Dd) and the diffusivity of the excess reactant (De) effects the 
equivalence ratio within the flame. If the deficient reactant has a higher diffusivity, then 
the concentration of this reactant increases at the flame surface and the reactant mixture 
tends towards stoichiometric, and thus exhibits a higher burning velocity; the opposite is 
true if the excess reactant has the higher diffusivity. As regions of positive curvature are 
exposed to a greater area of unburned reactants than negatively curved regions, the effect 
is strongest in these regions. This means that, if Dd>De, any bulges in the flame increase 
in amplitude. making the propagation unstable.   
 
Tseng et al. (1993) indicate the following ranges of equivalence ratio where reactions 
display unstable preferential diffusion: 
 
Table 2.1 – Instability of different fuels due to equivalence ratio 
 
Fuel Range of φ displaying instability 
Propane > 1.44 
Ethane > 1.68 
Ethylene > 1.95 
Methane < 0.74 
 
 
2.3.3.5 Flame stretch 
 
As a flame front propagates through a turbulent premixed charge, its surface becomes 
distorted and undergoes localised changes in surface area (A). The rate of change of this 
surface area is known as flame stretch (K): 
 
dt
dA
A
K 1=  
Equation 2.36 
 
There are two distinct physical processes that can cause flame stretch (Sinibaldi et al. 
1998): 
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• Fluid-dynamic straining of the flame in the plane locally tangential to the flame 
front 
• Area change due to a curved section of the flame front moving through the 
reactant field, either through propagation or transportation, in a direction normal 
to its surface. 
 
A flame becomes positively stretched in the presence of a divergent flow field or convex 
flame front (curved towards the unburned mixture) travelling in a direction normal to its 
surface through the unburned reactants. Negative stretch occurs in the presence of a 
convergent flow or concave flame travelling normal to its surface through the reactants. 
 
The concept of flame stretch was first proposed by Karlovitz et al. (1953) in order to 
describe the causes of flame extinction. It has since been realised that flame stretch is a 
primary cause of flame surface increase and thus is related to the rate of reactant 
consumption. However, beyond this simple mechanism for increasing global burning 
rates, it has been suggested by many researchers that flame stretch itself is a direct cause 
of local burning velocity variation (Chen and Im 1998; Renou et al. 1998; Filatyev et al. 
2005). As a result, Markstein’s original relationship between burning velocity and 
curvature has been extended to relate the burning velocity to flame stretch in general 
(Kwon et al. 1992; Ibarreta and Driscoll 2000): 
 
  LKSS Ld −=
0
 
Equation 2.37 
 
This equation is often written in the following form (Kwon et al. 1992): 
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Where Ma is the Markstein number, which is the Markstein Length (L) normalised by the 
flame thickness fl , and Ka is another form of the Karlovitz number described in section 
2.3.3.2, given here in terms of the stretch experienced by the flame due to the turbulence 
present in the charge (Poinsot et al. 1991).   
 
Instead of calculating flame stretch in terms of the rate of area change directly, it is often 
calculated from the mechanisms that cause the change in area, which are: 
 
a) The fluid dynamic straining of the flame surface brought about by non-
uniformity of the local flow field: KS. 
b) The expansion or contraction of  a curved region of the flame due to its 
movement through a charge, which leads to expansion or compression at the 
flame surface: KC. 
 
So flame stretch can be defined as: 
 
CS KKK +=  
Equation 2.41 
 
As shown by Chung and Law (1984), the first of these terms, the fluid dynamic straining 
of the flame, can be expressed in vector notation as: 
 
tsSK ,V⋅∇=  
Equation 2.42 
 
Where Vs,t is the component of the fluid velocity tangential to and acting directly upon 
the flame surface. This divergence of the fluid velocity can be measured by calculating 
the gradient of the tangential velocity, with respect to distance, across both components of 
the flame surface.  
 
Likewise, Chung and Law have shown that the second term of the flame stretch equation, 
relating to the conjoined effect of flame curvature and flame motion, can be shown to be: 
 
( )( )nnVf ⋅∇⋅⋅=CK  
Equation 2.43 
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The variable Vf denotes the total velocity of the flame, a combination of both the flow 
velocity advecting the flame front and the burning velocity, n denotes the unit-vector 
normal to the flame surface. This term of the flame stretch equation can be simply stated 
as the curvature of the flame, calculated as the divergence of the normal unit-vector, 
multiplied by the velocity at which that particular curvature is being translated normal to 
itself. To simplify the equation, the divergence of the normal unit-vector can be rewritten 
as the inverse of the radius of curvature: 
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Equation 2.44 
 
Where R1 and R2 are the radius of curvature across two orthogonal planes perpendicular 
to the flame surface. Therefore, total stretch can be written as: 
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Equation 2.45 
 
Confusingly, some researchers, such as Filatyev et al. (2005), display the equation for 
flame stretch with the flame velocity term dissociated into the burning velocity Sd and the 
reactant velocity (specified as positive heading towards the flame front) terms. 
 
( ) ( )nVV GG ⋅∇+⋅∇⋅−⋅∇= dSnnK  
Equation 2.46 
 
From this equation, the curvature contribution is sometimes incorrectly identified as 
solely ( )n⋅∇dS , (Mueller et al. 1996; Sinibaldi et al. 2003; Filatyev et al. 2005). 
 
As will be shown in section 2.4, data reported in literature, from both experimental work 
as well as numerical simulation, provides an ambiguous understanding of the relationship 
between burning velocity and flame stretch. A situation which is partly due to the strong 
influence of curvature inherent in the stretch calculation, confusing the effect of stretch 
with instability issues present within curved regions. As a result of this, many researchers 
have investigated correlations between the burning velocity and the straining component 
of flame stretch separately from correlations with flame curvature.  
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There is significant debate as to the exact effects produced by these influences. For 
example, Gu et al. (2000) published two different Markstein Lengths for both strain and 
curvature effects, based upon different methods of measuring burning velocity. These 
results indicated that both strain and curvature influenced flame speed, with strain playing 
a slightly more dominant role.  Conversely, in the work published by Choi and Puri 
(2001) it was observed that that flame curvature was the most dominant factor in 
influencing flame propagation speed and not strain.  Similar levels of disagreement have 
also been reported in computational studies.  For example, Baum et al. (1994) found that 
in their direct numerical simulations, heat release rate, and hence burning velocity, 
correlated with curvature but not with strain. Meanwhile, similar simulations conducted 
by Chen and Im (1998) have demonstrated that both displacement and consumption 
speeds correlate much better with strain than with curvature. Renou et al. (2000) reported 
a good linear correlation between the flame response and flame curvature, and Tseng et al 
(1993) reported Markstein numbers which changed linearly with fuel equivalence ratio. 
Furthermore, Sinibaldi, et al. (2003) reported that when looking at the interaction between 
turbulence and flame front propagation, where straining of the flame front occurred in 
conjunction with curvature effects, the Markstein number varied across the flame 
boundary. 
 
What is clear from literature is that correlations between flame stretch theory and burning 
velocity are rare, with those presented often providing highly scattered trends often 
conflicting with other work. Failure to achieve a level of consistency between results has 
often been put down to inadequate or inconsistent methods of measuring local burning 
velocity as well as the surrounding flow characteristics. If progress is to made in the 
understanding of local flame propagation, then further experimental work is required that 
can provide accurate measurements of flame flow interaction on a local basis. 
 
2.3.4. A Conclusion to Combustion 
 
Here ends the review of combustion, a section that has detailed current understanding of 
how combustion occurs and the factors that influence its propagation through a premixed 
charge. It is clear that additional research is required in the field of turbulent combustion 
as, although there is an understanding of the global affect of turbulence on combustion, 
the local impact of specific flow structures on the flame propagation is little understood. 
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2.4.  INVESTIGATIONS INTO TURBULENT COMBUSTION 
 
The previous sections of this literature review have demonstrated the complexities of 
investigating both turbulence and combustion. This section of the literature review takes a 
step away from what is known about turbulent combustion, and turns to the different 
approaches that have been taken by researchers as they have tackled this intriguing yet 
problematic field. 
 
Broadly speaking, the experimental study of turbulent combustion has been approached 
from two different angles: 
 
• The ‘Local’ approach 
• The ‘Global’ approach 
 
The Local approach focuses on how a flame front interacts with the local fluid flow that 
directly impacts upon its propagation. The point of this method of research is to provide 
data, and ultimately understanding, of how flame propagation is fundamentally affected 
by the flow of specific reactants. Examples of this approach include the work carried out 
by Samaniego and Mantel (1999) and Sinibaldi et.al. (2003). 
 
The Global approach focuses on how the flame, as a whole, reacts to different flow 
fields, reactant mixtures, and experimental conditions. This holistic method of 
investigating flame front propagation results in the substantial use of statistics to describe 
both the fluid flow and the flames response to that flow. The purpose of this method of 
research is to identify the overall effect that a given variable has on flame front 
propagation. Examples of this approach include investigations carried out by Escudier et. 
al. (1999).  
 
Both the Local and Global approach are entirely valid methods of investigating turbulent 
combustion, yielding important data on the manner in which flames burn through 
reactants. However, it is important that the correct approach is taken when investigating 
specific aspects of the combustion process in order that meaningful data is provided. 
 
After the experimental approach has been decided upon, the next stage that requires 
consideration is the manner in which the interaction between flame and flow is to be 
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generated. The experimental configurations that are usually employed fall into the 
following six categories: 
 
Flow 
Category 
Experimental 
Configuration 
Example of 
Configuration Example of Study 
Envelope Flame Bunsen Flame, Slot Burner 
Filatyev et. al. 
(2005) 
Oblique Flame Rod stabilised V-flame Samaniego et. 
al.(1999) 
Continuous 
Flow 
Unattached Flame Stagnation stabilised burner 
Escudier et. al. 
(1999) 
Spherical 
Expanding Flame Combustion Bomb 
Bradley et. al. 
(2003) 
Shear Dominant 
Flame Jet Flame Wu et. al. (1990) 
Single 
Event 
Freely Propagating 
Flame 
Single Vortex / 
Obstacle Interaction Jarvis et. al.  
   
Table 2.2 – Categories of experimental configuration 
 
However, this is not the only consideration when setting up an interaction between a 
flame front and a flow field; the nature of the flow structures introduced is also of 
paramount importance. The basic choice is whether true turbulence is introduced to the 
reactant mixture (usually at a prescribed intensity or scale range) or a controlled laminar 
flow structure is utilised that mimics a particular aspect of turbulence. The generation of 
truly turbulent flows provides a wealth of data on turbulent combustion and readily lends 
itself to the ‘global’ approach of combustion research. However, it also provides many 
difficulties to the experimentalist due to its inherently complex three-dimensional 
character. For this reason many researchers (Lee et al. 1993; Ibarreta and Driscoll 2000) 
have turned to investigating how simple controlled flow structures interact with a flame 
front. These highly reproducible structures have allowed the study of how particular fluid 
motions fundamentally affect the propagation of a flame through a given reactant 
mixture. 
 
The different methods applied to investigating flame propagation can result in some 
confusion and, on occasion, disagreement on the manner in which flames propagate 
through turbulent flow fields. This is particularly the case when aspects such as flame 
2.4.  Investigations into Turbulent Combustion 
 48 
stretch and the ensuing Markstein numbers are investigated. This incoherent methodology 
of investigating turbulent flames led Filatyev, et. al. (2005) to comment that 
‘Experimental evidence indicates that there is no turbulent flame that is truly universal 
and category-independent’. This lack of universality in our understanding can be directly 
attributed to differences in the way that the interactions are generated, as well as subtle 
differences in the way that aspects of turbulence and flame propagation are measured. 
However, despite these differences it is important that we still maintain a view of 
turbulent combustion that focuses on understanding how a flame responds to the 
surrounding conditions, regardless of category. For every flame, the same laws of physics 
still hold, the same processes that affect flame propagation are present, it is just our 
understanding that needs to be enhanced. This requirement of a universal approach has 
led to work, such as that carried out by Bradley et al. (2003), to try to bridge the gap 
between different approaches and identify common ground from which to work. Such 
attempts are vital as they help to bring the different parts of the jigsaw together so that we 
may gain a clearer vision of the whole picture. 
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2.5.  DIAGNOSTIC TECHNIQUES 
 
In order for the physical characteristics of combustion events to be analysed, diagnostic 
techniques have had to be developed in order to quantify the properties associated with 
the event; this includes analysis of the flow of reactants and products, as well as the 
reaction itself. The final section of the literature review looks at the different techniques 
that are available to the researcher, noting their application and limitations.  
 
Diagnostic techniques fall into two categories, invasive and non-invasive techniques. 
These categories are quite generalised as many so called non-invasive techniques do 
affect the combustion event, but their influence is so small that these affects can be 
neglected. 
 
2.5.1. Non-Invasive Techniques 
 
2.5.1.1 Flow Visualisation 
 
It has been noted since the early years of studying combustion that useful information can 
be obtained through the visualisation of flame front propagation and the connected 
changes in the reactants/products. An example of this is the work carried out by Mallard 
and Le Chatelier (1883), who used a photographic technique to visualise the propagation 
of a combustion wave inside a semi-confined geometry. This work required the use of 
mixtures containing fuel and carbon disulfide with oxygen or nitric oxide in order to 
obtain flames with sufficient luminosity for the insensitive photographic material of the 
time. Ellis (1928) employed a similar technique to visualise the propagation of a 
combustion wave. Using a rotating drum camera, Ellis recorded images of flame 
propagation in a number of tubes in order to derive flame propagation speed data. 
 
Further developments in flow visualisation led to the introduction of the schlieren 
photographic technique, which enabled the visualisation of density gradients within a 
transparent medium. As light interacts with matter, it slows and is refracted; the amount 
of refraction that takes place is dependent on the density of the medium, indicated by the 
refractive index.  
 ( ) ρλ .1 kn +=  
Equation 2.47 
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Schlieren imaging converts these changes in the refraction of light into a visible greyscale 
image that represents the density profiles contained within the medium under 
examination. Figure 2.17 gives an example of the results obtained from Schlieren 
imaging of a turbulent premixed flame showing the flame edge and resulting plume of hot 
products. 
 
 
Figure 2.18 – Example of Schlieren being used to image a premixed turbulent flame 
 
More recently, visualisation of combustion events has been conducted using lasers 
coupled with digital cameras. Both Ibrahim et. al. (2001) and Hargrave et. al. (2000) have 
employed a technique termed High Speed Laser Sheet Flow Visualisation  (HSLSFV) to 
capture the structure of a propagating flame as it interacts with a solid obstacle. With this 
technique, micron sized droplets of oil are introduced into the premixed reactants to act as 
tracer particles. Light from a pulsing copper-vapour laser is then formed into a thin sheet 
and passed through the combustion chamber, illuminating the tracer droplets. The pulsing 
of the laser light is linked to a high-speed digital camera resulting in images being taken 
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of the illuminated tracer droplets at rates of up to 9000 frames per second. As the flame 
propagates through the reactants, the oil droplets are consumed resulting in a clear 
visualisation of the flame front. With HSLSFV it is possible to produce high quality 
recordings of flame front propagation (see Figure 2.18) from which flame front position 
and speeds can be calculated. Although this technique involves the addition of droplets of 
oil to the reaction, their size is so small that they have a negligible impact upon the 
combustion event.  
 
 
Figure 2.19 – Example of HSLSFV used to image flame propagation 
 
2.5.1.2 Velocity Fields 
 
Advances in laser technology, cameras and computing power over the years has led to the 
development of techniques that can quantify velocity fields within fluid flows. One such 
technique is Laser Doppler Anemometry (LDA), sometimes referred to as Laser Doppler 
Velocimetry (LDV), which provides a time resolved point measurement of the fluid 
velocity within a flow field. The simplest form of LDA is the one-component dual-beam 
system. This system uses two coherent laser beams of equal intensity that intersect at a 
point of interest, creating an interference pattern of dark and light fringes within an 
ellipsoidal volume (see Figure 2.19). As a particle within the flow passes through this 
volume it scatters light, the amount of which fluctuates as it crosses the light and dark 
fringe pattern. This fluctuating light level is collected by a lens and focused onto a photo-
detector, which converts the light into a voltage signal. From this fluctuating voltage 
signal the velocity of the moving particles can be determined. This ‘one-component’ set 
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up can only measure a particle’s velocity in one plane; however, using two or three one-
component systems focused on the same volume velocities in two or three components of 
velocity can be measured. The particles seeded into the flow for LDA vary between 
applications depending on the properties of the fluid medium. Examples of different 
particles used are Magnesium Oxide as used by Starke and Roth (1989), 1µm Silicon Oil 
droplets as used by Lindstedt and Sakthitharan (1993), and 1µm Alumina particles as 
used by McCann (1997). LDA can provide accurate velocity measurements within a 
variety of different situations, however, the technique is limited by the fact that only 
velocity at one point in the flow can be measured at a time.  
 
 
Figure 2.20 – Schematic of a typical LDA system 
 
Another laser based technique for the quantification of velocity in a flow is that of 
Particle Image Velocimetry (PIV). This technique enables the non-intrusive measurement 
of spatial velocity distributions over a planar region of a given fluid flow, and as such is 
the most commonly used tool for whole field mapping. In its simplest form, PIV 
measures two-dimensional velocity vectors on a two-dimensional plane at specific 
instances in time. PIV works by recording images of tracer particles that have been added 
to the fluid flow and then evaluating the differences in these images in order to deduce 
the velocity (see Figure 2.20). The images are formed by recording the light scattered by 
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particles that have been illuminated along a plane in the fluid flow (usually by a laser).  
These images are taken in pairs separated by a small interval of time and the velocity of 
the flow calculated from the evaluation of the particle movements within the time 
interval. PIV has been used with great success in analysing combustion events, examples 
of which include Mueller, Driscoll et al. (1998) and Yokomori and Mizomoto (2003). 
Since PIV is such an important diagnostic tool in the evaluation of fluid flows, more 
detailed information on this technique is given in section 4.3.  
 
 
Figure 2.21 – Schematic demonstrating PIV operation 
 
One of the restricting factors involved in PIV is the use of seeding particles within the 
flow. The fact that PIV measures the movement of the particles, and not the flow directly, 
leads to limitations in resolution and accuracy.  
 
A technique that is still in its infancy of development, which hopes to overcome these 
difficulties, is that of Molecular Tagging Velocimetry (MTV) (Gendrich and 
Koochesfahani 1996). MTV operates by doping the flow with certain additive compounds 
then charging the dopant molecules with laser light, causing them to phosphoresce for a 
time. The laser light introduced is manipulated to form a grid of thin paths of light and 
pulsed so that only molecules along those paths at a given instance in time phosphoresce. 
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The deformation of the grid of phosphorescing molecules with time can then be analysed 
in order to determine the velocity of the flow. The figure below gives an example of the 
use of MTV within a fluid flow from work carried out at Michigan State University. The 
top two images display the deformation of the grid of phosphorescing molecules over a 
short time period, the bottom image is the vector map evaluated from this deformation.  
 
 
Figure 2.22 – Molecular Tagging Velocimetry 
 
Stier and Koochesfahani (1999) experimented with MTV using the food additive 
biaceytal as the dopant compound with marked success. However, the phosphorescent 
effect of biaceytal is quenched by the presence of oxygen and so is unsuitable for 
combustion applications. Other compounds are used for combustion applications but their 
stability and light emitting properties must be carefully tailored to the combustion event 
in question. 
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2.5.1.3 Species Detection 
 
The primary technique used for species detection within a flow or flame is Laser Induced 
Fluorescence (LIF). In LIF, a single pulsed laser is used to form a light sheet through the 
flow in question. The wavelength of the laser is tuned to a specific frequency in order to 
cause an electron transition in the molecules or atoms whose detection is sought. These 
molecules/atoms absorb the laser light causing the electrons to jump to a more energetic 
state; these states are unstable and so the electrons drop back to their ground state 
emitting light in the process. The emitted light from these molecules/atoms is 
proportional to both the laser power and the number density of the scattering species 
(Lozano et al. 1992).  This means that once calibrated, images of the species’ 
fluorescence can be used to derive the spatial concentration of that species. A limitation 
of LIF is that the intensity of the fluorescence of some species is pressure and temperature 
dependent. Although this can be useful for many applications, it can cause significant 
errors in simple species detection. LIF is widely used in analysing combustion events 
where it can be used for the detection of OH molecule population intensities (Roberts and 
Driscoll 1993); OH is formed within the flame front and so its concentration gives a good 
indication of flame front position and intensity. Interestingly, LIF has been shown to 
work effectively when used simultaneously with PIV (Sinibaldi et al. 2003). 
 
Another technique used for species detection is Ramen spectroscopy. Unlike LIF, Raman 
is a point measurement technique and produces a quantification of the different  
chemicals present simultaneously. The physics behind Raman spectroscopy relies upon 
inelastic scattering of monochromatic light introduced into a system. As this single 
wavelength light interacts with the electron bonds of a molecule, the incident photon 
excites one of the electrons from its ground state into a virtual energy state. As this 
electron then relaxes back into one of its vibrational energy states (not its original ground 
state) it generates Stokes Raman scattering. The wavelength of this Raman scattered light 
in relation to the introduced light, is dependent on the molecule it interacts with and so 
provides species quantification. If the incident photon excites an electron that is already at 
one of the vibrational energy states, then a different virtual energy state is induced and as 
the electron relaxes back to the ground state it generates anti-stokes Ramen scattering. 
The relationship between the stokes and anti-stokes levels can also provide information 
on the molecule’s temperature. The light produced from Raman scattering is typically 
very weak, therefore variations on the technique, such as coherent anti-stokes Raman 
spectroscopy (CARS), are often employed. 
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2.5.2. Invasive Techniques 
 
In addition to the optically based, non-invasive techniques used in fluid flow diagnostics, 
there are a number of other techniques available that are invasive in nature, which can 
provide useful information on flow properties. One such measurement technique is the 
use of ionisation probes to measure flame arrival times. Ionisation probes consist of a 
wire within an annulus that is electrically insulated from the rest of the probe, as a flame 
passes over the annulus the circuit is completed triggering a timing signal. The voltage 
required to trigger the ionisation probe as the flame passes is dependent upon the fuel and 
equivalence ratio used. An example of ionisation probes used in the study of combustion 
is the work carried out by Hjertager et al. (1988) who looked at the interaction between 
flame propagation and obstacles. Another invasive technique employed in combustion 
analysis incorporates the use of thermocouples to determine temperature traces at specific 
points; an example of this can be seen in the work carried out by Phylaktou and Andrews 
(1991). Thermocouples consist of two dissimilar metals laminated together, as heat is 
applied to these metals a voltage is induced, which is proportional to the temperature.  
 
Ionisation probes and thermocouples are useful devises for measuring flame arrival times 
and temperatures but they provide no information about the motion of the gases involved 
in the reaction. One of the techniques that can be used for velocity measurement is Hot 
Wire Anemometry (HWA). HWA works on the principle that gases flowing past a thin, 
conductive wire alter the electrical response of the wire by convecting heat away from it. 
Usually the wire is heated and the resulting drop in temperature due to the gases passing 
over it, reduces the resistance (constant current method) but the temperature can also be 
held constant and the velocity of the gases determined from the change in current 
(constant temperature method). A single wire HWA probe can only provide information 
about the velocity of the flow in one plane so multiple wires are used in order to 
determine the motion in all three axes. The use of HWA is limited due to its point 
measurement nature, its intrusive requirement and the fact that its accuracy is dependent 
upon the temperature of the surrounding gasses. However, HWA does have the advantage 
that it does not require direct optical access and so can be used in regions where other 
techniques could not be introduced. 
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2.6.  REVIEW CONCLUSION 
 
From the review of literature that has been carried out it can be seen that turbulent 
combustion is a highly complex field that, although well researched, still provides many 
problems and challenges. It is clear that turbulence is an important parameter within 
modern combustion applications due to its effect upon burning velocity. However, its 
chaotic nature and our incomplete understanding of its interaction with a flame front 
results in a failure to fully predict and control its impact. This review has shown that, 
because of the three dimensional complexity introduced by turbulence, much of the work 
studying its affect have been statistical in nature, drawing out broad relationships between 
particular parameters associated with the interaction. Such work has advanced scientific 
understanding enormously, aiding the development of computational models that have in 
turn enabled additional insight into this field. However, there are limitations to this 
generalised approach in terms of understanding the specifics of flame-flow interaction. It 
is also apparent that little work has been carried out in terms of the temporal development 
of the interaction between flame and flow as little information is available on how one 
affects the other during the course of a combustion event. It is therefore clear that there 
exists a paucity of data concerning the accurate measurement of the interaction between 
flame propagation and flow structure, that is both spatially and temporally specific. It is 
the aim of the following chapters to address this need and provide accurate, high quality 
data on local flame-flow interaction. Information of this kind will not only aid our 
understanding of the fundamental physical processes underlying turbulent combustion, it 
will also provide data with which computational models can be validated. As will be 
shown later, part of this work requires the development of a technique for the accurate 
measurement of local burning velocity in flows containing high levels of rotation as 
current techniques struggle in this area (see Chapter 6). 
 
To produce the measurements required, this research will utilise advanced optical 
diagnostic techniques, such as particle image velocimetry and high speed laser sheet flow 
visualisation, to measure the local displacement of both flame and reactant flow. These 
techniques will be used in conjunction with carefully controlled combustion events in 
order to produce data on specific flame-flow interactions that can be both analysed and 
modelled. 
 
The following chapter looks in detail at the diagnostic techniques that will be used to 
gather this data, providing information on their setup, use and limitations.  
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3.1.  INTRODUCTION 
 
In the previous chapter, a brief overview was given of the various diagnostic techniques 
that are available for combustion research, introducing their basic operation, use, and 
limitations. This chapter leads on from this broad starting point and looks in detail at the 
techniques that were utilised during the course of this research, namely High Speed Laser 
Sheet Flow Visualisation (HSLSFV), Time Resolved Particle Image Velocimetry (TR-
PIV) , and Asynchronous Particle Image Velocimetry (A-PIV) 
 
HSLSFV, TR-PIV, and A-PIV were chosen as diagnostic techniques due to their ability 
to track the progression of a flame front in both a time resolved and spatially resolved 
manner. The HSLSFV technique allows a global visualisation of a combustion event 
across a section in the flow at a very high temporal resolution (up to 4500 frames per 
second at a spatial resolution of 896 x 784 pixels) providing useful information on how 
flame fronts are affected by different flow structures. The use of PIV, however, provides 
more than just a visualisation of the flame progression across a plane in the flow, it also 
provides detailed velocity data for the flow field ahead of the flame. To deduce these 
velocity fields the flow in question needs to be imaged twice, in order to record particle 
displacements; the time separation between these recorded images is adjusted depending 
on the speed of the flow in question. The rate at which the images pairs can be recorded at 
is dependent upon both the repetition rate of the laser and the frame-capture rate of the 
camera. 
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3.2.  HIGH SPEED LASER SHEET FLOW VISUALISATION 
 
3.2.1. Overview 
 
High Speed Laser Sheet Flow Visualisation (HSLSFV) is a relatively simple technique 
that can provide a sectional visualisation of a propagating flame front at a high temporal 
resolution. With HSLSFV, micron sized droplets of oil are introduced into the premixed 
reactants to act as tracer particles. A plane of these droplets within the combustion 
chamber is then illuminated by a thin sheet of light that has been formed using a series of 
lenses. The sheet needs to be thin so that only those particles that exist along the plane of 
interest are illuminated, too thick a sheet would result in the image of the flame edge 
becoming obscured by the particles present in the flow away from that plane.  In order to 
capture an image of the particles without any apparent blurring, the light sheet must only 
provide illumination for a very short time interval; this is done by using a pulsed copper 
vapour laser as the light source (which provides a 25ns pulse duration at rates up to 
10kHz ). The pulsing of the laser light is linked to a high-speed digital camera, in this 
case a Photron Ultima Fastcam APX-RS, resulting in images being taken of the 
illuminated tracer droplets at rates of up to 3000 frames per second (full frame). If the 
density of the seed particles is too low then there is insufficient light scattered to provide 
a clear image of the combustion process; however, if the seed density is too high then too 
much laser light is scattered by the particles closest to the laser, resulting in a dimming of 
the image at the far side. The basic HSLSFV set-up used during the course of this 
research is shown below: 
 
Figure 3.1 – Schematic of HSLSFV arrangement 
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3.2.1.1 Flow Seeding 
 
For the flow visualisation, the reactant mixture was seeded with olive oil particles, of 
nominal diameter 1µm, prior to introduction into the combustion chamber. These 
particles were chosen due to their light scattering properties, and their vaporisation in 
contact with the flame front, more information on this is given in section 3.3.2. The 
device used to seed the particles into the flow was a TSI six-jet atomiser. 
  
3.2.1.2 Copper Vapour Laser 
 
The laser used to provide the illumination of the flow seeding was an Oxford Lasers 
copper-vapour laser, model LS 20-50. Copper-vapour lasers operate by the excitation of 
copper atoms (vaporised within a ceramic tube) by collision with high energy electrons 
generated by a pulsed charge jumping between electrodes at either end of the tube. The 
laser light emitted from copper-vapour lasers consists of two wavelengths within the 
yellow and green spectrums (578.2nm and 510.6nm respectively). The laser used for this 
study has the ability to run at up to 50kHz pulse rate, the standard rate being 10kHz; 
however, in order to match the frame rate of the digital camera, the laser was operated at 
much lower rate. This timing was driven by a TTL pulse from the camera which provided 
synchronisation. The pulse energies produced from this arrangement were approximately 
2mJ with a pulse width of 25ns.  
 
3.2.1.3   Laser Sheet Optics 
 
The collimated beam of light produced from the copper vapour laser was directed through 
the combustion chamber via a dielectric mirror held by a mount with fine angle 
adjustment. This beam was then formed into the required sheet of light by a plano-convex 
cylindrical lens and a bi-convex spherical lens which had focal lengths of  
-15mm and 600mm respectively. The cylindrical lens expanded the beam in one 
dimension, while the spherical lens focused the beam upon the centre of the region of 
interest, resulting in a thin sheet of light being formed across a plane within the flow.  The 
arrangement of the two lenses is shown in Figure 3.2. The height of the light sheet, 
measured at the centre of the region of interest, varied depending upon the specific 
application but the sheet thickness was kept at approximately 1mm. 
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Figure 3.2 – Laser Sheet Formation 
 
3.2.1.4 Imaging System 
 
The images of the particles illuminated by the laser sheet, were recorded using a Photron 
APX CMOS camera. This camera is capable of capturing 3000 frames per second using 
the full pixel resolution of the camera (1024 by 1024 pixels). Faster frame rates can be 
achieved but this involves a reduction in the area of pixels utilised by the camera; during 
this work images were recorded at a rate of 4500 frames per second with a corresponding 
resolution of 896 x 784 pixels. A trigger signal, in the form of a TTL pulse taken from the 
ignition system, was used to initiate the start of the capturing process. A further TTL 
signal was taken from the camera to the copper vapour laser in order to synchronise the 
laser pulses and the image acquisition. The images presented within this thesis were taken 
using a Nikon 105mm Macro lens. 
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3.3.  PARTICLE IMAGE VELOCIMETRY 
 
3.3.1. Overview 
 
As stated in section 2.5.1.2, Particle Image Velocimetry (PIV) operates by evaluating the 
displacement of seeding particles within a flow over time, from images recorded in quick 
succession. In general, two methods are used to capture these images: 
 
• Single Frame, Multi Exposure imaging 
• Multi Frame, Single Exposure imaging 
 
For the majority of applications the latter arrangement is used as it preserves the temporal 
order of the images, simplifies evaluation, and works well with modern digital imaging 
processes. In the most common form of PIV, images are taken in pairs, each image 
separated from its partner by a short time interval (Double Frame, Single Exposure). The 
length of this interval is chosen based upon the equipment available and the expected 
velocity of the flow being investigated. Each image pair recorded is evaluated in order to 
determine the displacement experienced by the particles. This evaluation is conducted by 
dividing the images into small regions called ‘interrogation areas’ and then using 
statistical methods to determine the displacement vector associated with each area.  
 
Figure 3.3 – Diagram of PIV operation 
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 In summary, PIV demonstrates the following characteristics: 
 
• It is a non-intrusive technique. 
• It measures the velocity of the flow indirectly. The technique measures 
displacement of a seeding particle in the flow. 
• It is a whole field technique. PIV is capable of evaluating velocity vectors across 
an entire plane in the flow, the size of which is dependent upon the particle image 
size, the number of pixels on the imaging chip, and the size of the pixels on the 
imaging chip (if using digital recording).   
• PIV produces a discretised evaluation. The flow is split up into small 
interrogation regions over which the velocity is calculated as a spatial average. 
 
3.3.2. Seeding 
 
The nature of the seed particles added to the fluid under examination, in terms of light 
scattering and flow following, has a large impact on the quality of the data produced by 
the PIV technique. The initial step in minimising the errors associated with seeding is to 
carefully select the size and density of the particles used in order that they faithfully 
follow the fluid flow in question. Firstly, the seeding particles should be of sufficiently 
small size and material density in order that gravitational affects are minimised. The 
amount of gravitationally induced velocity ( )gU  can be calculated using Stokes’ drag 
law: 
 
   
 
 
 
 
 
Equation 3.1 
 
Again using Stokes’ law, the lag in velocity ( )SU  between the fluids motion and the 
particles motion, under constant acceleration of the fluid (a), can be calculated: 
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Another important aspect of a particles ability to faithfully follow a flow is the particles 
response to step changes in the flow velocity. This response can be calculated by 
comparing the particles theoretical velocity ( )pU  to the fluids actual velocity ( )fU  over 
a period of time (t) after a step change in velocity: 
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Equation 3.3 
 
Where sτ  is called the relaxation time and is defined as: 
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Equation 3.4 
 
For this study the particles used where 1µm nominal diameter droplets of olive oil, the 
relevant properties of which are listed in the following table: 
 
Particle Diameter 1x10-6  m 
Density of Oil 920  kg/m3 
Density of Air 1.23  kg/m3 
Gravitational Acceleration 9.81  m/s2 
Viscosity of Air 17.9x10-6  N.s/m2 
 
Table 3.1 – Seeding particle characteristics and variables 
 
Using these properties in conjunction with the preceding equations the following values 
can be calculated: 
 
Gravitational Induced Velocity 2.65x10-5 m/s 
Velocity lag present under an acceleration in the flow of 
1000m/s2 2.7x10
-3
 m/s 
Particle Velocity 1µs after a step change in the fluids velocity of 
0-10m/s 9.7 m/s 
Relaxation Time  28.6 x10-6 s 
 
Table 3.2 – Particle motion characteristics 
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These values demonstrate that the effect of gravity on particle motion is very small and, 
even under extreme changes in velocity, there is still a good correlation between the 
particle movements and the fluid flow. It is also clear from the equations that the smaller 
the particle size, and the lower their density, the greater this accuracy will become. 
However, by reducing the size of the particles, the amount of laser light scattered by these 
particles is also reduced. If too little light is scattered by the particles then there is a risk 
of the contrast between the particle images and the background noise being too small for 
accurate PIV. Therefore, a compromise must be reached in the size of the particles used 
in order that the particle images are clear but the particles themselves still accurately 
follow the motion of the flow. The particles were seeded into the reactants before being 
introduced to the combustion chamber; this was carried out using a TSI six-jet atomiser. 
 
3.3.3. Light Sources 
 
Standard PIV is by nature a two-dimensional velocity measurement technique. In order to 
capture particle images suitable for PIV measurement, a light source is required that can 
provide a narrow sheet of high intensity, short duration illumination. It is necessary for 
this light to be projected in a narrow planar sheet so that only those particles within that 
thin section of the flow produce images that can be captured by the camera. Controlling 
the thickness of the light sheet is important for accurate PIV measurement; too  thick and 
particles away from the selected plane start to cloud the results, too thin and too many 
particles can be gained or lost due to out of plane motion. The optimum sheet thickness 
varies depending on the application but typically should be between 1 and 2mm in total. 
The high levels of light intensity are required in order to produce particle images of 
sufficient magnitude, more information on this is presented in section 3.3.6 which 
describes the effects of diffraction. The duration of the laser pulse needs to be short 
compared with the rate of displacement of the particles in the flow. This is necessary so 
that crisp particle images are produced, accurately recording their location in space with 
negligible distortion. Pulse durations vary depending on light source but generally 
anywhere between 2 and 200ns is used. Due to these requirements, Lasers are employed 
to produce the light, which is then manipulated into the required sheet size via spherical 
and cylindrical lenses. The most common solid-state laser used for PIV is the 
Neodymium: Yttrium Aluminium Garnet (Nd:YAG) laser. At conventional temperatures, 
Nd-YAG lasers emit a wavelength of 1064nm, a wavelength that is unsuitable for PIV as 
it is not in the visible region of the spectrum. Therefore, this wavelength is frequency 
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doubled to 532nm using specifically designed crystals at the exit of the laser cavity. In 
most PIV applications, two lasers are used because of the short time interval required 
between the image pairs. The common setup for this arrangement is to mount two lasers 
cavities within the same unit, with internal optics designed to guide both of the laser 
beams along the same exit path. Different laser units are used for the different PIV 
arrangements used within this work: Two New-Wave Solo II Nd:YAG lasers are utilised 
for the Asynchronous PIV, while a Nd:YLF is utilised for the High Speed PIV. 
Information on these lasers is provided in Table 3.3.  
 
 
Laser New-Wave Pegasus New-Wave Solo II 
Wavelength 527nm 532nm 
Pulse Duration <180ns 3-5ns 
Maximum Repetition Rate 10,000Hz per cavity 15Hz 
Energy per pulse >10mJ @1,000Hz - 1mJ @ 10,000Hz 30mJ 
 
 
Table 3.3 – Specifications of the lasers used to gather PIV data during the course of this work 
 
3.3.4. Image Recording 
 
In its early years of development (1984-1994) PIV was carried out using photographic 
film to capture the particle images. However, advances in electronic imaging over the last 
decade have provided an attractive alternative to this slow and laborious method. Current 
full frame Charge Coupled Device (CCD) sensors can obtain individual images separated 
by only a few microseconds, available in real time. Such technology makes the digital 
approach more desirable than traditional film recording, despite the loss of resolution 
suffered. The development of CCD based cameras continues with increasing pixel array 
sizes and improved image capture rates, producing systems with ever-greater spatial and 
temporal resolution. In conjunction with CCD based technology, Complementary Metal 
Oxide Semiconductor (CMOS) imaging sensors are being developed. CMOS based 
systems incorporate the charge-to-voltage conversion in each pixel, as opposed to the 
CCD’s method of each pixel’s charge packet being sent sequentially to a common output 
structure. This difference in readout technique has significant implications for the current 
capabilities of each type of sensor resulting in differences in application. In general, due 
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to the CMOS’s individual pixel charge conversion, higher image capture rates are 
possible, in addition, windowing of the chip can be more easily carried out, further 
increasing image read-out time via chip area reduction. Another advantage of CMOS 
chips over CCDs is their higher level of light response. This aspect makes them suitable 
for applications where light energy available is comparatively low. However, despite 
these advantages, CMOS chips do not currently provide the same levels of performance 
in terms of uniformity and dynamic range as CCDs. This lack of continuity from pixel to 
pixel, particularly in the voltage levels associated with darkness, results in greater 
background noise despite individual offsets being applied to each pixel prior to imaging.  
As mentioned in the section on illumination, in order for high definition particle images 
to be recorded the period of time over which the image is recorded must be very small, 
typically less than a few hundred nano-seconds. It is not possible to achieve short time 
intervals using the standard exposure control of a camera alone, therefore, the short 
illumination period provided by a laser is utilised. Nevertheless, image exposure times 
still need to be short so that the level of background light present in the image is kept to a 
minimum. In terms of timing, the laser pulse used for the first image occurs at the end of 
the first camera exposure while the pulse used for the second image occurs at the start of 
the second exposure; a process known as frame straddling. In doing this, the time interval 
between the two images used for evaluating the velocity vectors can be kept very short 
(even as low as a micro-second).  
 
The factors that are important in terms of PIV camera choice relate directly to the 
application in question. There is a clear trade off between image quality and repetition 
rate so these factors must be evaluated carefully prior to selection. Additionally, the  
number of pixels and the pixel size are also important considerations when evaluating 
which camera to use. Generally, the higher the number of pixels the better as this 
increases the resolution of the results gathered. The pixel size is an important parameter 
as this also controls the total chip size, the dimensions of which will affect the level of 
magnification provided by the lens-camera system. Table 3.4 contains the important 
parameters of the cameras used within this work.   
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Camera TSI PIV-CAM 10-30 Photron Ultima Fastcam APX-RS 
Sensor 8-bit CCD 10-bit CMOS 
Pixel Size 9x9µm 17x17µm 
Max Resolution 1000x1016 pixels 1024x1024 pixels 
Frame Rate 30fps 3,000fps full frame           10,000fps at 512x512 pixels 
   
Table 3.4 - Specifications of the cameras used to gather PIV data during the course of this work 
 
3.3.5. Image Evaluation 
 
After images of the seeding particles have been taken, an evaluation must be made in 
order to determine the velocities present. As only double-frame single-exposure images 
were taken during this work we shall only consider the evaluation relevant to this form or 
recording. The first step in evaluating a recorded image pair (composed of Images A and 
B) is to divide them into spatially matched interrogation regions. These regions are the 
areas over which single velocity vectors will be calculated. The interrogation region size 
chosen is based upon the density of the particles present within the flow, as well as 
characteristics of the flow itself, such as the velocity gradient. 
 
Figure 3.4 – Schematic of interrogation regions associated with Particle Image Velocimetry 
Image A
Image B
A
B
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Once matching interrogation regions have been identified, statistical cross-correlation is 
then applied to the interrogation region pairs in order to determine the average particle 
displacements. In its most simple form, the cross-correlation process involves spatially 
shifting one interrogation region with respect to its matched region on the other image, 
calculating the degree of correlation associated with that position. The correlation is 
calculated for all possible shifts, resulting in a correlation plane as shown in Figure 3.5. 
The peak of this correlation plane corresponds to the average particle displacement.  
 
 
Figure 3.5 – Example of a PIV correlation plane 
 
However, correlation peak is locked to the location of the shift at which it was calculated, 
which in turn is locked to an integer pixel location (when dealing with digitally recorded 
images). To overcome this problem, a peak-fitting algorithm is applied to the correlation 
peak and its surrounding points, thus establishing the true sub-pixel displacement. 
Generally a Gaussian peak fit is used as this has been shown to provide high accuracy 
when the particle image size is in the 2-3 pixel range (Raffel et al. 1998). 
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The direct form of cross-correlation described above is known as R(m,n), the equation for 
which is shown below (Gonzalees R. and Wintz P. 1987): 
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Equation 3.5 
 
Although direct cross-correlation is simple to implement, the maximum height of the 
correlation peak, as well as the shape of the correlation noise floor, is critically affected 
by the nature of the images used. The particle displacement, density and positioning, as 
well as illumination level and distribution, all affect the relationship between the 
correlation peak and the noise floor. This change can result in errors being introduced, 
especially in sub-pixel displacement where as much as 5% random error can be induced 
on computer generated theoretical images (Anandarajah et al. 2004). 
 
Most commercial PIV equipment do not calculate the correlation plane directly from 
shifted images but generate the correlation plane in the frequency domain using Fast 
Fourier Transforms, the equation for which is shown below: 
 
( ) ( ) ( ) ( )( )ηξηξ ,ˆ,ˆ,, *21121 IIFFTjiIjiI ×⇔⊗ −  
Equation 3.6 
 
 Where ( )ηξ ,ˆ1I  denotes the Fourier transform of ( )jiI ,1  and ( )ηξ ,ˆ *2I  denotes the 
complex conjugate of the Fourier transform of. ( )jiI ,2 . The use of FFTs is popular 
because the calculation is less computationally demanding, resulting in a much faster 
calculation with little increase in error. However, FFT cross-correlation has been shown 
to exhibit reduced signal to noise levels (SNR) at high particle displacements due to a 
reduced number of paired particles present as well as increased noise levels in these 
regions. The increased noise is due to the requirement of the FFT process to ‘wrap’ the 
signal around itself (so that the one side of the image is continuous with the other) during 
the transition into the frequency domain. This problem can be mitigated by zero-padding 
the image but few commercial codes incorporate this due to the extended computational 
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time required. Another difficulty in using FFT cross-correlation is its requirement for the 
interrogation region to have a size whose length is a power of base-2. (i.e. 16 by 16, 32 by 
32, 64 by 64 etc.) This aspect limits the flexibility of the routine, reducing its ability to be 
optimised to the application. The majority of the PIV data presented in this thesis was 
calculated using the FFT routine. Similar errors to that of  R(m,n) are reported for FFT.  
 
Although FFT cross-correlation is by far the most common evaluation algorithm, several 
others can be used to evaluate PIV images. In this work Normalised Signal Strength 
(NSS) cross-correlation is used, an algorithm based upon direct cross-correlation, but 
incorporating normalisation of the correlation plane by the signal strength present at each 
shift location.  
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Equation 3.7 
 
Normalisation of the correlation by the signal strength produces a lower noise floor than 
either R(m,n) or FFT, the profile of which is also comparatively flat. NSS also provides a 
consistently high correlation peak, even at high displacements, thus maintaining a 
consistent signal to noise ratio. These aspects result in NSS providing lower random and 
mean bias errors (see section 3.3.6) than either R(m,n) or FFT, with values of less than 
1.5% and 2.5% respectively (Anandarajah et al. 2004). More information on NSS and its 
advantages is found in section 6.6.2 where its application is discussed in detail. 
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3.3.6. Errors Present within PIV 
 
As with any measurement technique, errors occur within the PIV process that affect the 
accuracy of the results produced. It is therefore vital that the causes of error are 
understood and controlled before any experimentation is carried out. The overall error 
produced in PIV is difficult to quantify as it is a function of the experimental conditions 
and the equipment used, however, it is believed that well conducted PIV can result in an 
inaccuracy of less than ±4% for velocity measurements (Adrian 1997). The errors 
produced are generally split into two separate terms: 
 
• Bias Error  - Errors that skew the results a particular amount away from the true 
value 
• Random Error – Errors that can alter the result by any amount within a certain 
band, also know as RMS error. 
 
The errors present within PIV are generated as part of the image evaluation process, 
however, the majority of these errors have their roots in the experimental setup and can 
be limited by good experimental practice and planning. This section looks at the source of 
these errors and how they can be limited. 
 
Particle Image Diameter 
 
The size of the particle image that is recorded by the camera is not a direct scaling of the 
real particle size. This difference between the reality and the image is due to the small 
size of the particles used (typically 1 to 50µm) in comparison to the total image size. This 
disparity causes the particle image size to become dependent upon the diffraction of the 
light through the lens and not solely upon lens magnification. The level of diffraction that 
occurs is dependent upon the light wave length, the lens aperture and the image 
magnification. The occurrence of diffraction in the particle images is actually a very 
useful process. This is because that, in order to achieve high levels of accuracy, it has 
been shown that the optimum particle image size is just over two pixels (Raffel et al. 
1998). Below this size, the Gaussian distribution of the particle images becomes lost, thus 
eliminating the ability of the cross-correlation routine (see section 3.3.5) to resolve sub-
pixel particle displacement. When this happens, the data is described as becoming ‘peak 
locked’ indicating that the resultant displacement data used to calculate the velocity can 
only be resolved to the nearest integer pixel value. If  the particle size becomes too large 
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then the correlation peak becomes broader, this results in the correlation points either side 
of the peak being much closer to the value of the peak, reducing the accuracy of the 
Gaussian fit. The approximate particle image size provided by a particular experimental 
setup can be calculated using the light diffraction equation for a simple single lens system 
(Raffel et al. 1998): 
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This equation gives the diameter of the particle image that would appear on the chip, 
which can then be converted into the particle image diameter in pixels. The graph in  
Figure 3.6 demonstrates the variation in particle image diameter with varying total image 
size and lens f-number. 
 
Figure 3.6 – Particle image diameter as a function of lens f-number and total image size 
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The true particle image size tends to be slightly larger than the theoretical size shown in 
Figure 3.6. This is due to the compound nature of the camera lens in conjunction with 
aberrations and inaccuracies in lens focus 
 
Particle Image Shift 
 
It is important that the interval of time between the two PIV images is correctly selected 
in order to accurately record true particle displacement. If the particle shift is too great 
over the time interval then the random error will be large due to some particles leaving 
the interrogation region, and new ones entering. The bias error also increases with particle 
image displacement, a situation that results from the increasing loss of correlating 
particles (if the same size interrogation region is used on both images). To keep errors 
low, the general rule of thumb is to keep the particle displacements below a quarter of the 
interrogation region. The bias error associated with the loss of particles at larger 
displacements can also be reduced by utilising a larger interrogation region on the second 
image. This larger region means that, as the first interrogation region is shifted to its 
maximum, there are still particles to correlate with over the entire first interrogation 
region.  
Not only should in-plane loss of particles be considered, but also out-of-plane loss. If the 
out of plane particle velocity is large relative to the image time separation, then particles 
could leave/enter the light sheet, resulting in fewer possible correlation pairs.         
 
Particle Image Density 
 
The particle images form the basis of the signal upon which correlation is carried out. The 
greater number of individual particles present within an interrogation region, the greater 
the probability of valid displacement detection. However, if the particle density is too 
high, the particle images can become overlapped, interfering with each other and thus 
failing to provide the necessary signal for correlation. 
 
Gradients of Particle Displacement 
 
As discussed, PIV is based upon a statistical analysis of a region in the flow; therefore, it 
provides a spatially averaged result. If all of the particles within a given interrogation 
region are travelling at the same velocity, then the a well defined Gaussian correlation 
peak will be produced. However, it there is a velocity gradient across the flow, as occurs 
in most real flow fields, the correlation peak becomes flatter and broader as several 
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slightly different correlations are picked out. For small velocity gradients this is not a 
problem, but as the difference in displacement across the region becomes larger than a 
single pixel then the peak can ‘splinter’ into a number of peaks. Only the highest peak 
will be used to determine the velocity, therefore the result will not be representative of the 
entire region. In addition, the Gaussian peak fit will be influenced by any surrounding 
peaks and thus produce yet more error. 
 
Particle Illumination 
 
Errors can occur within the PIV process due to inadequate illumination of the seed 
particles. Non-uniform illumination can lead to particle images altering in intensity over a 
displacement, leading to bias errors. Non-uniform illumination can occur due to 
obstructions on test-rig windows, reflections off surfaces, diffraction of the light-sheet by 
in-homogenous windows and, of particular importance in this work, propagating flame 
fronts. The particle images also have to be of sufficient intensity in order that background 
noise does not become an issue. Providing the background noise is below 10% of the 
particle generated signals then the random error produced by noise is low, and stable.  
 
3.3.7. Time-Resolved PIV 
 
So far, this chapter has looked at PIV in a general sense; now we turn to the particular 
PIV setups used in this work. The first setup we shall look at is termed ‘Time Resolved’ 
PIV, a term used to describe the short time interval that occurs between subsequent image 
pairs, relative to the velocity of the flow.  
 
 
Figure 3.7 – Timing Diagram of Time Resolved PIV 
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The operation of this form of PIV, and the corresponding analysis, is essentially the same 
as for conventional PIV; however, due to the additional speed requirements placed upon 
the equipment, Time Resolved PIV contains some added difficulties that need to be 
overcome by the user. These difficulties centre around the relatively low energy that is 
provided by the laser at these high repetition rates. As the repetition rate increases, the 
energy per pulse of the laser decreases, resulting in less light being scattered by the 
particles. As a result, the aperture of the lens has to be increased in order to capture 
particle images of sufficient contrast. However, the knock on effect of opening the 
aperture is that the diffraction limited particle size is reduced. Reduce this spot size below 
two pixels and peak locking can occur. The problem of reduced laser energy can be 
countered by focusing the available light across a smaller area, resulting in a reduced 
analysis area. Therefore the user must balance the requirements of PIV repetition rate, 
particle image size, and analysis area in order to obtain accurate PIV measurements.   
The following diagram demonstrates the setup of the Time Resolved PIV equipment that 
was used during the course of this work: 
 
Figure 3.8 – Schematic of Time Resolved PIV setup 
 
Conventional Nd-YAG lasers cannot provide the necessary combination of pulse energy 
and repetition rate required for time resolved PIV, therefore a Nd-YLF lasers are 
generally employed. This laser operates in a similar manner to the Nd-YAG laser except 
that it utilises a Yttrium-Lithium-Fluoride crystal on to which the Neodymium is doped. 
Beam Dump
Combustion Chamber
Photron APX 
CMOS Camera
Mirror
Newave Pegasus 
Nd:YLF Laser
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The specific laser used in this work was a New Wave Research Pegasus, Dual Cavity, 
Diode Pumped, Nd:YLF laser. This laser emits light in the infrared spectra at λ=1053 nm 
which is then passed through a second harmonic generator, frequency doubling the output 
wavelength to 527 nm. Peak repetition rate per cavity is 10 kHz and the peak energy 
output per cavity occurs at 1 kHz, with a pulse power of 10 mJ. However, this energy 
decays to around 2 mJ per pulse at repetition rates of 5 kHz per head. 
The imaging system utilised in this work was a Photron APX-RS CMOS high speed 
camera capable of 3000 frames per second (1500 Hz PIV) at a resolution of 1024 by 1024 
pixels. Higher imaging speeds are possible, however this results in a loss of resolution. 
The fastest practicable frame rate available with this system is 5kHz PIV, which is limited 
by the energy per pulse produced by the Nd:YLF laser; at this speed the camera needs to 
record at 10000 frames per second, which results in the resolution dropping to 512 by 512 
pixels.  
 
3.3.8. Asynchronous PIV 
 
Although Time-Resolved PIV has sufficient temporal resolution when compared with the 
evolving flow structures encountered, when trying to analyse the evolving flame structure 
that occurs in conjunction with the flow, current technology cannot provide the sufficient 
combination of temporal and spatial resolution. For this reason Asynchronous PIV has 
been utilised in this research. With this technique two completely independent PIV 
systems are used, both imaging the same area within the flow, via a beam splitter. In 
order that the particle images produced by one PIV set does not appear on the other, the 
two PIV sets are separated by polarisation. First, let us consider one of the PIV sets. The 
light produced by the laser is already polarised, so nothing needs to be done except form 
it into a sheet and direct it through the combustion chamber. Providing this light does not 
pass through any material that might shift the polarisation, the light scattered by the 
particles will predominantly exhibit this polarisation. In order that the camera associated 
with this PIV set only picks up the light scattered by its corresponding laser, a 
polarisation filter is fitted to the front of the camera lens and rotated to match the 
polarisation angle. For the other PIV set, the natural polarisation of the laser matches that 
of the previous set, therefore a quartz half-wave-plate is placed in front of the beam, 
oriented so that its polarisation is shifted by 90°. In the same manner as the first set, a 
polarisation filter is placed in front of the second camera so that only the light produced 
by its matched laser is picked up. 
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Figure 3.9 – Schematic of Asynchronous PIV setup 
 
 
In this setup, the beams produced by the two Nd:YAG lasers were independently formed 
into sheets, providing crossing light sheets 30mm high and 3mm wide at the centre of the 
imaged region. The cameras used to capture the PIV images were twin-frame CCD 
devices with resolutions of 1000 by 1016 pixels. For the majority of this work, an image 
region of 17.2mm square was recorded. Both cameras were fitted with Nikon 105mm 
lens’ set to an aperture of f11. 
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4.1.  INTRODUCTION 
 
The literature review presented in chapter two detailed the link between turbulence and 
the rate of flame propagation identified by previous research. This prior work 
demonstrated that the affect of turbulence is significant and that the size and strength of 
the turbulent structures encountered by a flame has a considerable influence upon its 
response. Much of this earlier research investigated flame response by recording flame 
propagation through a turbulent field that had been quantified in some manner before the 
interaction.  In addition to this, measurements have also been taken of the change in flame 
intensity using fluorescence techniques, relative to instantaneous measurements of flow 
velocity. This form of work has provided many insights into turbulent combustion, 
however, it has not provided information on how a flame progresses through a pre-mixed 
charge, relative to the temporal evolution of the flow field. The research presented in this 
chapter looks at this temporal interaction between the flame propagation and fluid flow 
using high speed PIV to monitor the reaction inside a fan-stirred combustion bomb. The 
results shown were acquired as part of a collaboration with the Engineering Department 
of Leeds University where the bomb was developed and operated. A considerable amount 
of data has already been published by Leeds University using this apparatus, providing a 
large database of results that have enabled significant improvements to be made in our 
understanding of turbulent combustion. Such work has included the measurement of both 
laminar and turbulent burning velocities in a range of reactant mixtures (Bradley et al. 
1998; Gu et al. 2000; Bradley et al. 2003), the study of flame wrinkling and curvature 
(Haq et al. 2002) and assessment of combustion characteristics such as flame instability 
(Al-Shahrany et al. 2005).  
 
For the work presented in this chapter a preheated, pressurised, premixed charge of air 
and iso-octane was utilised, seeded with 1µm silicon oil particles, into which predefined 
levels of turbulence were introduced. These oil particles enabled measurement of the 
velocity flow field within the unburned reactants, the consumption of these same particles 
by the flame also marked the location of the flame front. The aim of this work was to 
investigate how a flame front affects the flow field it is propagating through and, 
conversely, how this evolving flow field affects the rate of flame propagation. Special 
thanks must be given to Professor Sheppard of Leeds University who facilitated the use 
of the bomb for this work and also Gunner Larson, a researcher from the same institution, 
who tirelessly operated the bomb throughout the testing period.   
4.2.  Experimental Setup 
 82 
4.2.  EXPERIMENTAL SETUP 
 
4.2.1. The Combustion bomb 
 
The Leeds fan-stirred combustion bomb is a spherical stainless steel vessel with 380mm 
internal diameter. The bomb incorporates four motor driven fans, mounted in a 
tetrahedral arrangement close to the walls. These fans induce controlled levels of 
turbulence into the reactants by forcing the interaction of rapidly moving fluid. The speed 
of these motors is carefully controlled, the velocities being matched to each other so that 
near isotropic turbulence, at the desired level, is produced within the central region of the 
bomb (Atashkari et al. 1995). In order to provide observation of the flame propagating 
through this turbulent field, three pairs of 150mm diameter orthogonal windows are set 
into the bomb, providing excellent optical access into the centre of the chamber. The 
bomb was designed to be able to withstand the enclosed combustion of heavy fuels, such 
as iso-octane, with initial pressures of up to 15bar and initial temperatures of up to 600K  
 
 
Figure 4.1 – Schematic of combustion bomb 
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Fan motor unit
Spark plug
Laser Sheet
New Wave Pegasus 
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The temperature of the bomb and the enclosed reactants is carefully controlled. A 6kW 
internal heating coil provides preheating of the bomb, a system which also provides 
heating of the combustion reactants. The gas temperature inside the bomb is monitored 
via a sheathed chromal-alumel thermocouple mounted within the chamber. A 
proportional-integral-derivative controller is used to operate the heater, maintaining the 
temperature at the desired level. A pre-heat temperature of 360K was chosen for this 
work as this ensured complete vaporisation of the iso-octane fuel.  
 
The pressure of the reactants inside the vessel is set by feeding dry air, from a pressurised 
cylinder, into the chamber; the internal pressure is monitored by a Kistler piezo-resistive 
pressure transducer. Before the air is supplied to the combustion chamber, the entire 
vessel is evacuated, removing any burned gases left inside the chamber. The air is then 
added in two stages. The first stage brings the vessel pressure up to ambient conditions at 
which point the iso-octane fuel is added via a metered syringe linked to the vessel by a 
high pressure valve. After this, the remaining air is added, bringing the combustion 
chamber up to the desired pressure. Mixing of the reactants inside the chamber was 
carried out by the turbulence generated by the fans.   
 
Ignition of the premixed, preheated, pressurised charge is carried out using a central 
spark-plug incorporated into a thin steel bar mounted through the side of the chamber. 
The spark energy is supplied by a 12V transistorised automotive ignition coil, an 
arrangement which supplies around 26mJ.      
 
The following settings were utilised during the course of the experiments detailed within 
this chapter. 
 
Table 4.1 – Table of combustion bomb parameters 
 
Combustion Volume 0.0301m3 
Initial Pressure 5Bar 
Initial Temperature 360K 
Fuel Iso-octane 
Equivalence Ratio 1 (13.72ml of fuel) 
Ignition Energy 26mJ 
Turbulence Levels u’ = 1, 2, and 4 
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4.2.2. High Speed Particle Image Velocimetry Arrangement 
 
As previously discussed, HS-PIV was used to monitor the combustion event inside the 
bomb. The equipment used in this experimental arrangement was identical to that 
described in section 3.3. The laser sheet was directed through one set of quartz windows, 
the line of the sheet being slightly offset, but remaining parallel, to the centre line of the 
bomb. This arrangement ensured that the light sheet did not directly hit the spark-plug, a 
situation that would cause shadowing across the image as well as problems with glare 
from the electrode surfaces. The APX-RS camera was placed in a position so that it could 
image through the window orthogonal to the light sheet.  
 
The choice of image region size utilised within this work was determined by three factors. 
 
a) The spatial area over which the combustion event developed and started to 
interact with the flow structure 
b) The resolution required to identify the turbulent structures present within the 
velocity field, a setting which is also dependent on camera resolution 
c) The limitations of the equipment in terms of laser power and camera 
sensitivity. 
 
Due to the large diameter of the bomb, the interaction that occurs between the flame front 
and the flow early on in the combustion event has little influence from wall interaction 
(Bradley et al. 1998). Therefore, the early stages of flame propagation incorporate a 
protracted period of development. This extended period of development means that it is 
prudent to image as large an area as possible in order to record how the flame front 
propagation develops through its interaction with the turbulent flow field. Taking into 
account the 150mm diameter access windows, and the collection angle of the lens, the 
maximum area that could be physically imaged at the central plane of the bomb was in 
the region of 120mm square. However, due to the limitations of the camera resolution, 
this would result in poor spatial resolution of the measured velocity field. It is therefore 
necessary to establish the maximum spatial resolution possible that will ensure sufficient 
spatial resolution of the turbulent structures present. As the purpose of this work is to 
examine the relationship between flame and flow, the flow structures that will have a 
strong influence must be resolved, while also maintaining information of any bulk-flow 
behaviour. The integral scale of turbulence within the bomb has been measured as 20mm 
by Haq et al. (2002) indicating the large flow structures, relative to the flame thickness, 
that will effect the flame propagation. The Taylor microscale, which represents the largest 
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scale significantly effected by viscosity can be related to the integral scale by equation 4.1 
(Tennekes and Lumley 1972). 
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Equation 4.1 
 
Where is A is an undetermined constant  of order 1 and LR  is the turbulent Reynolds 
number based on the integral scale. Rearrangement of this equation, incorporating a 
substitution of A with a specific constant has been given by Bradley et al. (2010)  as: 
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Equation 4.2 
 
Where λR is the turbulent Reynolds number based on the Taylor scale and. Using this 
relationship, in conjunction with an Integral scale of 20mm and a kinematic viscosity of 
15.68x10-6 m2s-1, the Taylor microscale is calculated to be 2.24 mm, 1.58 mm and 1.12 
mm for turbulence intensities of 1 m.s-1 2 m.s-1 and 4 m.s-1 respectively. The smallest 
scales of turbulence that are given by the Kolmogorov length scale. These would be 
considerably smaller than the Taylor scale and can be linked to the Taylor microscale by 
equation 4.3 (Tennekes and Lumley 1972). 
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Equation 4.3 
 
Using this relationship, the Kolmogorov length scale is calculated to be between 0.095 
mm and 0.034 mm for the range u’=1-4 m.s-1.The minimum interrogation size that can be 
used in conjunction with the FFT cross-correlation routine without excessive loss in 
accuracy is 16pixels square. Given the 1024 pixel chip size of the camera used for this 
work, it is not possible to record the velocity fluctuations associated with the Kolmogorov 
scale, while also recording the larger scales of turbulence, between the Taylor and 
Integral scales, therefore a compromise needs to be made. Given the integral scale of 
20mm, a laminar flame speed of 0.368 m.s-1 (Gu et al. 2000), an inner reaction zone 
thickness of 0.75mm (see section 2.3.2.1) and a turbulence intensity of between 1 and 4 
4.2.  Experimental Setup 
 86 
m.s-1, the combustion regime that occurs cover both the corrugated flamelets and thin 
reaction zone regions of Peters’ combustion regime diagram. In these regions, the impact 
of the scales of turbulence that are larger than the flame thickness is of primary interest, 
as these are most active in distorting and wrinkling the flame structure. For this reason, it 
was decided that a window size larger than the integral scale must be used, in conjunction 
with an interrogation region size around the same size as the Taylor scale (approximately 
1 mm). This arrangement would therefore capture the turbulent motion between the 
Taylor and Integral scales that are most active in controlling the flame shape. 
 
In addition to this study of the large scales of turbulent motion, it would be of interest to 
study the impact of the small scales between the Kolmogorov and Taylor scales. 
However, this is beyond the limits of the work presented within this thesis.     
 
Having considered the size of turbulent structures that are of interest, the limitations of 
the equipment, in terms of result accuracy, must now also be considered. The accuracy of 
PIV is highly dependent upon the quality of the particle images that are recorded, the 
quality being function of the particle characteristics, the sensitivity of the camera, and the 
laser energy used. For this work, 1µm silicon oil particles were utilised, as they were able 
to follow the flow with a high degree of accuracy (see section 3.3.2), while also providing 
excellent light scattering properties and high vaporisation pressure. As mentioned in 
section 3.3.6, the size that these particles appear on the image is dependent on the 
diffraction of the light through the lens and is therefore a function of the light wave 
length, the lens aperture and the image magnification. In order to achieve high levels of 
accuracy, the particle image size should be over two pixels so that sub-pixel displacement 
can be resolved and peak locking eliminated (see section 3.3.6). The equation for 
calculating the theoretical particle image size is given in section 3.3.6, along with a graph 
demonstrating the relationship between f-number of the camera lens (and hence aperture), 
image size and particle image diameter in pixels for the case of the Photron APX camera 
used, this graph is shown again in Figure 4.3 
4.2.  Experimental Setup 
 87 
Figure 4.2 – Particle image diameter as a function of lens f-number and total image size 
 
The true particle image size tends to be slightly larger than the theoretical size shown in 
Figure 4.2 above. This is due to the compound nature of the camera lens in conjunction 
with aberrations and inaccuracies in lens focus. Even with this slight increase in particle 
size, Figure 4.2 demonstrates that a high f-number is required (22 or above) in order to 
produce sufficiently large particle images for large image areas. In order to operate at 
these high f-numbers, a lot of light needs to be scattered by the particles. 
  
 
 
Figure 4.3 – Maximum image size in relation to lens f-number 
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The ability of the PIV system to acquire clear particle images is dependent upon the 
amount of light scattered from the particles, the aperture (hence f-number) of the lens, 
and the sensitivity of the chip. The amount of light scattered from a given particle is in 
turn dependent upon the energy contained within the each laser pulse and the area over 
which that energy is distributed. As the total image area increases, the optical setup of the 
system has be adjusted to spread the available laser energy (the maximum of which is 
dependent upon repetition rate) over the larger area. This situation results in less light 
being scattered from the particles as the area increases, which in turn means that the f-
number has to be decreased in order that enough scattered light is picked up by the 
camera. Figure 4.3 demonstrates the maximum image area possible, for each lens f-
number, for the HS-PIV system used for this work. Two repetition rates are shown, 
1500Hz and 5000Hz, demonstrating the affect of the change in maximum laser energy. It 
is clear from Figure 4.2 and Figure 4.3 that when imaging large areas there is insufficient 
light available to operate at the f-numbers required for accurate PIV. Realistically, the 
maximum image area, when running at 1500Hz, is in the region of 35mm; at this image 
size the particle image size is above 2 pixels and therefore the risk of peak locking is 
eliminated. However, this small area of 35mm would only provide information on the 
interaction between the flame front and the fluid flow over the very early stages of the 
combustion. If a larger area were imaged, in order to gain greater insight into how the 
flame-flow interaction develops, then peak locking would have to accepted in the results. 
If this error is acceptable then it is sensible to image the ideal 60mm region specified 
earlier. However, before carrying this out, an examination of the resultant peak locking 
error is required. To calculate this error the maximum difference in velocity associated 
with the PIV cross-correlation peak being locked to an integer value must be established. 
If the turbulence intensity within the bomb was set to a value of 1m.s-1,based on the rms 
of the fluctuating component, then the maximum velocity expected is around 3.5m/s, 
based upon earlier work carried out by Leeds University (Bradley et al. 1998). Using a 60 
by 60mm image size in conjunction with 16 by 16 pixel interrogation regions, the time 
separation between PIV images should be set to around 60µs (see section 3.3.6 for the 
reasons for this setting). Using these settings the difference in velocity between integer 
correlation peaks can be ascertained.   
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The change in velocity produced from an integer shift in correlation peak (Vi) is 
equivalent to the velocity produced from a pixel sized displacement (Lp) during the PIV 
time separation (dt). 
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Equation 4.4 
 
Given that a whole integer shift in the correlation peak results in a change of  0.98m.s-1, 
peak-locking will result in the true correlation peak being shifted by a maximum of half 
this value. Therefore, the error associated with peak locking, for this case, is equivalent to 
±0.49m.s-1. Although this situation is far from ideal, an error of this magnitude would not 
detract from an analysis of the general flow motion during the combustion event. As a 
result of this, it was decided that a peak-locking error would be tolerated in favour of a 
larger image area. 
 
Two sets of imaging parameters were used to capture the data presented in this chapter. 
The first set recorded data at a rate of 1500Hz using the full 1024 by 1024 pixel 
resolution of the camera. A 60mm square region was imaged with this setup, the ignition 
point being visible in the centre. The second arrangement recorded data at a rate of 5kHz, 
however, due to the limitations of the equipment, only a 512 by 512 pixel resolution was 
possible. A corresponding 30mm square image region was recorded with this setup, 
positioned so that the ignition point was located at a corner of the image. A 60mm lens 
set to an f-number of 5.6 was used to acquire the images. 
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4.3.  PIV RESULTS 
 
Data was recorded for three different values of turbulence intensity, u’=1, 2 and 4 m.s-1. 
Since there is no bulk flow within the bomb, the turbulence intensity is purely the root 
mean square of the velocity. For each setting a number of combustion events were 
recorded in order to provide a statistical basis to the results. For the cases where the 
turbulence intensity was equal to either 1 or 2, 25 events were recorded with 1500Hz PIV. 
For the case where u’ was equal to 4, only 5 events were recorded at 1500Hz due to time 
constraints during testing. Additionally 20 events of 5KHz PIV were recorded with 
turbulence intensities of both 1 and 2. Below is a table of the settings used to gather the 
presented data. 
 
Turbulence Intensity 
(m,s-1) u'=1 u'=2 u'=4 
Fuel Iso-octane Φ=1 Iso-octane Φ=1 Iso-octane Φ=1 
Initial Pressure (Bar) 5 5 5 
Initial Temperature 
(K) 360K 360K 360K 
PIV rep-rate (kHz) 1.5 5 1.5 5 1.5 
f-number 5.6 4 5.6 4 5.6 
Image region width 
(mm) 60 30 60 30 60 
dt (µs) 60 60 40 40 20 
Number of events 25 20 25 20 5 
 
Table 4.2 – Summary of experimental settings for the fan-stirred bomb data 
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4.3.1. 1500Hz PIV with an r.m.s. velocity of 1 m.s-1 
 
 
Figure 4.4 – Example velocity field taken 4.66ms after ignition as part of a 1500Hz data set. u’=1m.s-1. The 
area with no vectors present denotes the burned gas region. 
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Figure 4.5 –Velocity field sequence of the unburned reactants during a combustion event, u’=1 m.s-1 
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4.3.2. 5000Hz PIV with an r.m.s. velocity of 1 m.s-1 
 
 
 
Figure 4.6 - Example velocity field taken 4.70ms after ignition as part of a 5kHz data set. u’=1 m.s-1.  
The area with no vectors present denotes the burned gas region. 
 
 
 
4.3.  PIV Results 
 94 
 
 
 
Figure 4.7 - Example velocity field of the unburned reactants during a combustion event, u’=1 m.s-1 
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4.3.3. 1500Hz PIV with an r.m.s. velocity of 2 m.s-1 
 
 
 
 
Figure 4.8 - Example velocity field taken 3.33ms after ignition as part of a 1500Hz data set. u’=2 m.s-1.  
The area with no vectors present denotes the burned gas region. 
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Figure 4.9 - Example velocity field of the unburned reactants during a combustion event, u’=2 m.s-1 
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4.3.4. 5000Hz PIV with an r.m.s. velocity of 2 m.s-1 
 
 
 
 
Figure 4.10 - Example velocity field taken 4.80ms after ignition as part of a 5kHz data set. u’=2 m.s-1.  
The area with no vectors present denotes the burned gas region. 
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Figure 4.11 - Example velocity field of the unburned reactants during a combustion event, u’=2 m.s-1 
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4.3.5. 1500Hz PIV with an r.m.s. velocity of 4 m.s-1 
 
 
 
 
Figure 4.12 - Example velocity field taken 2.66ms after ignition as part of a 1500Hz data set. u’=4 m.s-1  
The area with no vectors present denotes the burned gas region. 
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Figure 4.13 - Example velocity field of the unburned reactants during a combustion event, u’=4 m.s-1 
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4.3.6. Discussion of PIV results 
 
From the velocity fields shown in this section, it is clear that the interaction between the 
propagating flame front and the unburned flow field changes significantly with turbulence 
intensity. As the turbulence level is increased, the propagation of the flame changes from 
something that is loosely spherical in nature (at u’=1) to something that is highly 
convoluted and deformed (u’=4).  
 
It can be seen in Figures 4.5, 4.9 and 4.13, that for all three turbulence settings distinct 
flow structures exist before ignition and the flame responds to these structures from an 
early stage.  The sections of flow that are initially moving away from the point of ignition  
drag the flame-front along with the flow, making it appear that the flame is propagating 
most aggressively in that direction. Conversely, where the flow is travelling in towards 
the flame,  the distance the flame moves is noticeably arrested. The reason for this clear 
response of the flame to the flow movement is due to the relative difference between the 
burning velocity of the flame and the velocity of the flow structures found within the 
charge. Haq et. al. (2002) report that the laminar burning velocity for an outwardly 
propagating flame through stoichiometric iso-octane, at an initial pressure of 5bar, is in 
the region 0.23m.s-1.  
 
Fuel Iso-Octane 
Initial Pressure 5 Bar 
Temperature 360K 
Laminar Burning Velocity 0.23 m.s-1 
Lewis Number 1.43 
Reaction zone thickness 0.012 mm 
 
Table 4.3 – Properties of iso-octane under laminar conditions. (Haq et. al., 2002) 
 
If we compare this burning velocity to the velocities of the flow structures, it is apparent 
that for all three turbulence intensities the local change in flow velocity is significantly 
higher than the burning velocity. As a result of this difference, the flow is able to displace 
and wrinkle the flame front before a particular structure is consumed by the flame. For 
the case of u’=1, the propagating flame front is only slightly wrinkled due to the 
relatively low velocity of the flow; i.e. the velocity changes are not substantial enough to 
seriously convolute the flame front and distort it significantly from its spherical form. On 
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the other hand, as the turbulence intensity is increased, the velocity fluctuations are 
enhanced and become significantly higher. As a result, the flame is moved and distorted 
by the flow structure, stretching and wrinkling the flame front beyond recognition from 
its spherical origins. 
 
From the values displayed in Table 4.3, it is interesting to note that the Lewis number is 
substantially above unity. This means that, according to some of theories of flame stretch, 
the burning velocity will increase in regions of negative stretch, i.e. in regions where the 
burned gases curl around the reactants, or where the flow converges around the flame, the 
flame speed should increase. This positive reaction to negative stretch should therefore 
reduce some of the wrinkling brought about by the velocity gradients, stabilising the 
flame propagation.   
 
Another aspect which is common to all three turbulent fields is the affect that the 
propagating flame has on the flow.  It can be seen that, as the flame propagates through 
the reactants, the velocity of charge ahead of the flame is shifted so that it starts to move 
away from the rapidly expanding burned gases. This affect is most noticeable for the case 
of u’=1 (due to slow moving structures initially present) but it is still evident even for the 
case of u’=4. This indicates that there is a symbiotic relationship between the propagating 
flame front and the flow structures contained within the reactants. The flow is affecting 
the structure of the flame, and the flame is affecting the structure of the flow.   
 
Leading on from these observations of co-dependence between flame and flow, it is 
important to assess by how much these aspects affect each other and whether the rate of 
charge consumption is impacted. The following three sections explore these questions, 
the first looking at the affect of turbulence on flame propagation, the second looking at 
how the flame propagation affects the charge bulk motion, and the third looking at how 
turbulence is affected by flame propagation.  
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4.4.  THE EFFECT OF TURBULENCE ON FLAME 
PROPAGATION 
 
In this section the structure of the expanding flame front is examined, relating the 
temporal position of the flame front to the level of turbulence at ignition. 
 
Figure 4.14 – Time sequence of flame front location, turbulence intensity = 1 m.s-1 
9 sequential flame front locations over a 5.33ms period. 
First flame front occurred 2ms after ignition, final flame front occurred 7.33ms after 
ignition. A time period of 0.66ms exists between depicted flame front surfaces 
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Figure 4.15 –  Time sequence of flame front location, turbulence intensity = 2 m.s-1 
9 sequential flame front locations over a 5.33ms period. 
First flame front occurred 1.33ms after ignition, final flame front occurred 6.66 ms after 
ignition. A time period of 0.66ms exists between depicted flame front surfaces. 
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Figure 4.16 – Time sequence of flame front location, turbulence intensity = 4 m.s-1 
8 sequential flame front locations over a 4.66ms period. 
First flame front occurred 1.33ms after ignition, final flame front occurred 6ms after 
ignition. A time period of 0.66ms exists between depicted flame front surfaces. 
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Figures 4.14 to 4.16 show the location of the three different flame fronts as they progress 
through the reactants at different turbulence intensities. The flame front locations are 
extracted from the raw images used for the 1500Hz PIV, established by the position at 
which the oil particles are consumed. As these images are taken at a fixed frame rate a 
simple comparison can be made between the rate at which the different flames propagate 
highlighting the differences in the structure, and speed, of the flame propagation. From 
these extracted flame fronts, the change in flame length and the change in burned gas area 
can also be examined. 
 
Figure 4.17 – Change in cross-sectional area of burned gas with time for three different levels of turbulence 
intensity  
 
Figure 4.18 - Change in flame length with time for three different levels of turbulence intensity 
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The plots of flame location shown in Figure 4.18 indicate that the higher the value of 
turbulence intensity the greater the level of flame deformation. Additionally, the distance 
the flame moves between incremental time steps also appears to be linked to the level of 
turbulence. Both of these observations are supported by the graphs of flame length and 
burned gas area plotted in Figure 4.18 and Figure 4.17 respectively, which show the 
change in flame length and the change in burned gas area over time.  
 
Figure 4.17 shows that as u’ becomes greater, the rate of increase in the burned gas area is 
enhanced, however, this enhancement does not scale with the magnitude of the turbulence 
intensity. Figure 4.18 displays the link between turbulence and the rate of increase in 
flame length. The last data point at 6.66ms from ignition has been removed from the plots 
of flame length at both u’=2 and u’=4 due to some of the flame front leaving the image 
region at these points, corrupting the measurement. The increase in flame length for the 
case of u’=4 is not as smooth as the other plots, this is due to the two dimensional ‘sheet’ 
nature of the measurement plane. For the high turbulent case the flame is distorted so 
much that sections of the flame can enter and leave the measurement region from an 
orthogonal direction, adding considerable fluctuation to the measurement. As with burned 
gas area, the rate of increase in flame length does not scale with the increase in turbulence 
intensity.  
 
The increase in the flame length over the propagation period is not only due to the 
wrinkling of the flame front, it is also due to the flame moving outwards from the point of 
ignition. The level of impact of these two aspects on the 2D flame length can be 
calculated by subtracting the flame length associated with a spherical flame, of the same 
burned gas area, from the true measurement of flame length. The resulting length is 
therefore the flame length that is due to the distortion of the flame away from the 
spherical model. Figure 4.19 gives the derived values for this wrinkled flame length and 
demonstrates that a considerable proportion of the increase in flame length is a direct 
consequence of the wrinkling caused by the turbulent flow. 
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Figure 4.19 – Change in flame length due to wrinkling over time from ignition 
 
The figures above demonstrate that there is a strong link in the rate at which burned gas 
area develops and turbulence intensity, indicating an enhancement to the rate of 
consumption by the turbulence. Additionally, the rate of increase in the flame length (due 
to wrinkling) increases with a similar trend to that of burned area, demonstrating its 
strong connection with the rate of charge consumption. However, flame length is not 
necessarily the only cause of the change in burned gas area; there are two possible factors 
involved: 
 
1. The higher levels of turbulence generate additional wrinkling of the flame front, 
generating a larger flame surface with which the unburned charge can come into 
contact with at one time. This increase in contact area produces an increase in the 
volume of charge consumed over a period of time. 
2. The interaction between the turbulent structures and the propagating flame 
increase the local burning velocity of the flame, resulting in an increase in charge 
consumption. 
 
The reason for the change in burned gas area is most likely a combination of both of these 
factors, however, Figure 4.19 indicates that the increased flame surface area is probably 
the most dominant influence. 
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4.5.  THE EFFECT OF FLAME PROPAGATION ON CHARGE 
MOTION 
 
In the previous section it was shown that turbulence significantly affects the nature of a 
combustion event, altering the structure of the flame front and changing its rate of 
progression through the reactants. In this section, the other side of the interaction is 
investigated; the affect that the propagating flame has on the charge motion. It has already 
been established, in section 4.3.6, that the reactants appear to be pushed ahead of the 
flame front by the rapidly expanding burned gas. This effect is most noticeable for the 
case of u’=1, but all three of the turbulence levels examined demonstrate this increase in 
flow velocity away from the point of ignition during the combustion event. In order to 
quantify this change in the velocity it is first necessary to decompose the velocity of the 
unburned reactant into radial and tangential components (see Figure 4.20). The radial 
component is that which operates along a line directly away from the point of ignition, 
the tangential component is that which operates normal to the radial component, being 
positive in the clockwise direction.  
Figure 4.20 – Decomposition of the velocity field into radial and tangential components 
 
Of course, if just a single point ahead the flame front was monitored it is likely that any 
changes in bulk motion of the flow would be hidden amongst the larger flow structures 
that occur as part of the turbulence. In order to minimise the impact of these flow 
structures, multiple points around the flame, at a specific distance from the point of 
ignition, were monitored. This process was repeated for each of the PIV sequences 
recorded at a given setting, then averaged. 
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Figure 4.21 – Schematic of measurement point location for radial and tangential velocity monitoring 
 
Figures 4.22, 4.23, and 4.24 plot the change in radial and tangential velocity, before and 
after ignition, for the cases of u’=1 m.s-1, u’=2 m.s-1, and u’=4 m.s-1 respectively. The 
radius of the measurement circle was set to 10mm for each data set. Every available 
vector location along the measurement circle was utilised in the calculation of the average 
flow response; this resulted in 80 points being used per PIV field. As 25 sets of data were 
available for the u’=1 m.s-1 and u’=2 m.s-1 cases, a total of 2000 vector points were used 
in the calculation of the mean tangential and radial velocity at each point in time. As only 
5 sets of data were available for the u’=4 m.s-1 case this total was reduced to 400 vector 
points. 
 
Figure 4.22 – Average change in radial and tangential velocity, for u’=1 m.s-1, at a distance of 10mm from 
ignition 
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Figure 4.23 – Average change in radial and tangential velocity, for u’=2 m.s-1 at a distance of 10mm 
 
Figure 4.24 – Average change in radial and tangential velocity, for u’=4 m.s-1 at a distance of 10mm 
Figure 4.25 – Comparison of average change in radial velocity for u’=1,2,&4 m.s-1 
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The plots of radial and tangential velocity (show in figures 4.15 – 4.16), for all three 
settings of turbulence intensity, demonstrate the same two characteristics: 
 
1. An increase in radial velocity after ignition, reaching a maximum at the average 
flame arrival time 
2. A shift in the tangential velocity towards zero after ignition 
 
These two factors clearly show that the flow structures present in the reactants are 
directly affected by the combustion event. As the flame starts to propagate away from the 
point of ignition the reactants are pushed ahead of the flame front, boosting the radial 
component of velocity and dampening down any bulk rotations contributing to the 
tangential velocity. Comparing the plots of radial and tangential velocities prior to 
ignition, it is evident that the u’=4 m.s-1 case contains a far higher level of variation. The 
reason for this disparity is a combination of the reduced data set used for the average and 
stronger flow structures moving through the region of interest, which cause higher levels 
of deviation. However, despite this initial discrepancy, it is interesting to note that when 
the change in radial velocity is compared for the three cases (see Figure 4.25) the relative 
difference between the velocity at the start of ignition and the velocity at the point of 
flame arrival, is very similar (see figure 4.26) 
 
 
Figure 4.26 – Change in radial velocity between the point of ignition and the average flame arrival time 
 
This information indicates that, not only is the rate of flame progression highly dependent 
on turbulence (see section 4.4. ), the additional radial velocity given to the flow is also 
linked to the flow conditions. Given this change in radial velocity, it is likely that the role 
of the expanding gas in driving the flame front at a faster pace is significant and needs to 
be accounted for in flame propagation measurements. 
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4.6.  THE EFFECT OF FLAME PROPAGATION ON 
TURBULENCE 
 
From the analysis of the tangential and radial components of velocity it has been shown 
that the bulk motion of the flow is considerably altered by the propagation of the flame 
front. What is not shown, however, is whether this shift in flow direction and magnitude 
impacts the level of turbulence encountered by the flame. Therefore, this section of the 
work looks at the temporal evolution of the turbulence ahead of the flame by looking at 
the root mean square of the velocity fluctuation relative to a spatial average.  
 
In section 2.2.4.1 three different methods of calculating the average component of the 
turbulence intensity were introduced; one based on the temporal evolution of the flow, 
one based on an ensemble of repeated runs, and the other based on the spatial variation. 
The level of turbulence produced inside the bomb, prior to ignition, was originally 
calculated using the temporal approach due to the near isotropic nature of the flow. 
However, the development of bulk flow during the combustion event means that this 
temporal approach is not appropriate as it would be heavily skewed by the flow’s rate of 
change. In addition, the ensemble average approach would be highly inconsistent due to 
the variability of the flow; it would provide little information on the actual turbulent flow 
encountered by the flame. For this kind of variable flow it is most useful to describe the 
turbulence via a spatial velocity fluctuation as this provides information on how variable 
the flow actually is, giving an indication of structure. 
 
The area over which a spatial average is taken, in order to calculate turbulence intensity, 
critically affects the value of u’ produced and so must be chosen with care. If the area is 
too large then velocity gradients present within the flow will start to dominate the results. 
However, if the area is too small important turbulent structures may be missed in the 
average, resulting in an underestimation of turbulence intensity. The size of the structures 
that could be influential can be estimated from previous studies. From work carried out 
using an optical engine firing on gasoline (Long et al. 2008) it was discovered that only 
turbulence (calculated temporarily) above 600Hz affected the combustion event in terms 
of pressure output. Using the velocity of the bulk motion in which this turbulence was 
present, which was in the region of 2m.s-1, the size of the maximum influential structure 
can be calculated. For the case of the engine, this was 3mm. Therefore, using this 
information as a guide, the size of the spatial average used for the bomb was set to 3mm 
which equated to a 5 by 5 group of vectors (based upon a 1mm interrogation region size 
and 50% overlap). 
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4.6.1. Variation in spatial turbulence intensity during combustion 
 
 
Figure 4.27 – Variation in spatial turbulence intensity for u’1=1 
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Figure 4.28 - Variation in spatial turbulence intensity for u’1=2 
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Figure 4.29 - Variation in spatial turbulence intensity for u’1=4 
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The spatial nature of the calculated turbulence intensity displayed in figures 4.19 to 4.20, 
contains no information with regard to the temporal development or variance of the flow. 
As a result of this, sequential plots are shown in order to portray how the turbulence 
changes over the course of a combustion event. It should be noted that, due to the spatial 
windowing used, the values of turbulence intensity are lower than those of temporal 
turbulence intensity used in sections 4.3 to 4.5 to describe the combustion event.  
 
All three figures demonstrate a variation in the turbulent structure across the image 
region, with distinct zones of high and low turbulence. These regions of high turbulence 
are generally brought about by high velocity gradients that develop due to localised areas 
of rapidly moving flow. The figures show that, as the flames develop through the 
different flow fields, the distinct turbulent structures are not damped down by the 
reactants being pushed ahead of the flow, but they continue to develop and remain as 
coherent structures embedded within the flow.  
 
However, it does appear that there are differences in how the turbulent structures affect 
the propagation of the flame. For the case with a nominal temporal turbulence intensity 
(u’t) of 1 m.s-1, the flame continues to propagate through the reactants at a fairly even 
rate, regardless of the spatial turbulence level (u’sp) encountered. This does not appear to 
hold true for the cases of u’t = 2 or 4 m.s-1. For these higher levels of overall turbulence 
the flame makes its most rapid progression as it consumes the regions of high turbulence 
intensity. For example, the top right hand side of the event depicted in Figure 4.28, e-h; In 
this series of images it can be seen that there is a region of high turbulence that exists due 
to a rapidly moving section of flow moving diagonally across the image. This region of 
turbulence is originally quite localised, with quite low levels of turbulence around it (e). 
As the flame propagates towards this band of turbulence, the reactants are pushed ahead 
of the reaction zone (f), but the turbulence remains. As propagation continues, the 
turbulence becomes less localised (g) and the flame rapidly progresses though this region 
of the flow (h). The same process can be seen to an even greater extent for the case of u’t 
= 4 m.s-1. In the bottom right hand corner of Figure 4.29, f-i, a region of high turbulence 
intensity can be identified. As the flow starts to interact with this region of the flow the 
displacement of the flame front rapidly increases.  
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4.7.     CONCLUSION 
 
The results in this chapter demonstrate that there is a complex interaction that occurs 
between flame propagation and charge motion during a combustion event. It has been 
shown that not only does charge motion have a considerable affect upon combustion, but 
that the flame propagation also impacts the motion of the reactants. This symbiotic 
evolution of the flame and flow means that both must be examined when analysing 
turbulent combustion. 
 
The PIV data has shown that the level of distortion and wrinkling of the flame front is 
dependent upon the magnitude of the velocity fluctuations in the reactant flow, relative to 
the burning velocity of the flame. Where the size of the velocity fluctuations is 
comparable to the burning velocity then the flame is weakly wrinkled. However, where 
the fluctuations are considerably greater, significant distortions are produced in the flame 
front. As a result, the higher the level of turbulence the higher the level of wrinkling 
experienced by the flame. The increase in flame surface area due to wrinkling is strongly 
related to the increase in burned gas area indicating that this is a main cause of increased 
consumption rate. This relationship is in agreement with the work of Filatyev et. al. 
(2005), who found that the turbulent burning velocity was proportional to a flames 
wrinkled surface area, and that this in turn was dependent upon the mean stretch rate 
imposed upon the flame due to turbulence.  
 
In terms of reactant motion, this chapter has shown that flame propagation alters the bulk 
flow of the reactants in front of the reaction zone. As the volume of burned gas expands, 
the unburned reactants are pushed outwards along with the flame front. The increase in 
outwards velocity of the reactants does increase with turbulence intensity, but this 
increase is small when compared to the increase in flame displacement speed that 
develops. It has also been shown that, despite this change in the bulk flow of the 
reactants, turbulent structures are maintained within the flow and thus continue to 
influence the rate of flame propagation. 
 
Observation of the interaction between flame and flow indicates that flame displacement 
is at its largest in areas of high turbulence intensity. However, this is just an observation, 
defining a clear relationship between the two would be difficult, and probably inaccurate, 
due to the nature of the interaction in this study. 
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Whether the increase in flame displacement with turbulence is solely due to the increased 
flame wrinkling, or whether an increase in local burning velocity is produced due to 
flame stretch, is not apparent from the data presented. The reason for this lack of clarity is 
the disparity between the highly three-dimensional nature of the interaction and the 
planar, two-dimensional nature of the measurements. In order to extract information on 
how the flame speed is altered by the turbulence, how the flame-front moves within the 
flow, in both time and space, must first be determined. These two-dimensional 
measurements cannot provide the level of information required to accurately analyse the 
complex flow found within the fan-stirred bomb. 
 
In order to establish the impact of turbulent flow structures on local burning velocity one 
of three things needs to be included in the measured interaction between flame and flow: 
 
• Inclusion of the third spatial dimension within the measurements of flame 
displacement and fluid flow. 
• Restriction of the third component of flow displacement, forcing the interaction 
to display predominantly two-dimensions of movement. 
• Controlling the third component of movement so that its effect can be included, 
negating the need for measurement 
 
Disappointingly, the equipment necessary for the first option is not available. High Speed 
Stereoscopic PIV would provide information on the third component of flow velocity but 
would not give the third component of flame displacement. Likewise High resolution 
holographic PIV would provide the necessary flow information, but another technique 
would be required to map flame front displacement. Perhaps the best hope for this kind of 
measurement is three-dimensional tomographic PIV where multiple cameras are used to 
identify particle locations in time and space. However, the low particle density required 
would lead to vague flame-front location, also current frame rates are too low for 
temporal mapping of a combustion event. This leaves options two and three to consider. 
Out of these, option three (the controlling of third component motion) is the preferred 
choice as it is significantly easier to generate such interactions and reduces variability 
associated in trying to control a flows directional bias. Creating and studying such 
controlled interactions will be the subject of the following chapters.  
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5.1.  INTRODUCTION 
 
At the start of this thesis, the importance of turbulent combustion within the modern 
world was introduced. The literature review highlighted the shortfall in our understanding 
of how flame propagation is affected by the highly rotational flows commonly found 
within turbulent fields. In addition, Chapter 4 clearly demonstrated that there is a 
significant interaction that occurs between turbulence and flame propagation, but that this 
interaction is difficult to investigate when studying truly turbulent flows. As a result of 
this difficulty, the work detailed in this chapter is focused upon investigating simplified 
interactions within a stable, controlled, and repeatable environment. This environment 
takes the form of a flame front interacting with a single vortex structure of specific size 
and velocity. The study of such specific interactions can then be directly related to flow 
structures found within true turbulence.  
 
Work on single vortices has already been carried out at various institutions around the 
world for a number of years, some of the most notable being the research carried out at 
the University of Michigan. Early investigations looked at the effect of vortices on 
wrinkling and corrugating flame fronts (Roberts and Driscoll 1991) and the conditions in 
which extinction occurred (Roberts and Driscoll 1993), while also verifying the 
importance of flame stretch on flame propagation parameters. Later work built upon this 
foundation and looked at quantifying the effect of flame stretch on flame strength 
(Mueller et al. 1996) and flame displacement speeds (Sinibaldi et al. 2003). Results of 
this more resent work have supported the theory of flame stretch (section 2.3.3.5), 
providing insight into a flame’s response to flame stretch on a time basis and 
demonstrating a variation in Markstein number along a flame boundary when both flame 
stretch and curvature vary. Similar approaches to investigating flame-vortex interactions 
have been conducted at other institutions such as the use of kármán vortex streets 
interacting with statically positioned flame fronts at Penn State University (Lee et al. 
1993), and the ignition of grid generated turbulent fields at Université de Rouen (Renou 
et al. 2000).  
 
The work described above has predominantly focused upon the interaction between flame 
fronts interacting with vortices travelling in the opposite direction; an approach that 
provides a good environment for investigation into how vortices distort and convolute 
flame fronts. However, little research of this type has been carried out on interactions 
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where the flame front is propagating in the same direction as the vortex. The work 
described in the following chapter demonstrates the usefulness of this approach in 
investigating how flame fronts interact with, not just the leading edge of a vortex, but the 
vortex core itself. The work conducted in these chapters is unique on a number of fronts. 
Firstly, it creates an environment in which the propagation of a flame can be followed as 
it interacts with the core of a vortex; secondly it provides a much broader range of flame 
curvatures and stretch rates than with previous investigations; and lastly this work utilises 
Time Resolved as well as Asynchronous Particle Image Velocimetry to track the dynamic 
progression of the flame-vortex interaction for a single event, enabling temporal as well 
as spatial information to be extracted. 
 
This chapter introduces the experimental and diagnostic setup used to investigate the 
flame-vortex interactions as well as characterising the nature of these interactions. 
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5.1.1. Test Rig Design 
 
In order to investigate the interaction that occurs between a propagating flame front and a 
single vortex, a novel rest rig was required that could generate an interaction in both a 
controllable and repeatable manner.  
 
The basis of the design incorporated two combustion chambers, a small cylindrical pre-
chamber and a much larger interaction chamber connected by an orifice. To start with, 
both of these chambers are filled with a premixed charge. Ignition of the charge at the 
base of the pre-chamber increases the pressure inside the pre-chamber, due to the 
combustion process, forcing the unburned charge through orifice and into the main 
chamber. As this jet of gas comes into contact with the static charge of the main chamber, 
a shear layer is produced around the orifice perimeter. This shear layer develops into a 
toroidal vortex, which is then shed from the orifice lip, propagating in the direction of the 
flow.  
 
 
Figure 5.1 – Schematic of Test Rig Operation 
 
The rotational velocity of the vortex formed in the main chamber is determined by the 
difference in velocity between the jet of charge exiting the pre-chamber and the static 
charge in main chamber. Therefore, for a given reactant mixture, the rotational velocity 
can be controlled by the diameter of the orifice used. Another property of the vortex 
which can be controlled is the vortex core diameter. This dimension of the vortex is 
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Orifice 
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5.1 Introduction 
 124 
determined by the profile of the downstream corner of the orifice plate; the sharper the 
corner is, the smaller the diameter of the vortex core. 
 
Furthermore, the exact location at which the flame-front interacts with the vortex can be 
controlled by altering the distance between the ignition point and the orifice; the greater 
this distance is, the more time there is for the vortex to develop and move off in the 
direction of the flow before the flame propagates through it. Therefore, the test rig was 
designed so that the length of the cylindrical pre-chamber could be adjusted in an 
accurate manner. 
 
From this basic concept, a design process was initiated that resulted in the design detailed 
on the following page.  In this design the main chamber is sealed at the top by a 
polyvinyl-chloride membrane, this membrane ruptures at very low pressures allowing a 
controlled release of the burned exhaust gases without the risk of high pressures building 
up inside the test rig. The premixed charge is introduced into the test-rig via a valve 
connected to the pre-chamber and allowed to exit via another valve within the main 
chamber. Flow into and out of the test rig is continued until all of the original air within 
the test rig has been purged from the system, resulting in the reactant mixture within the 
rig having a uniform equivalence ratio. Ignition of the charge is performed by a spark-
plug mounted in the floor of the pre-chamber. Adjustment of the gap between the ignition 
point and the orifice is controlled by a piston type arrangement, upon which the spark 
plug is mounted, connected to a large diameter screw thread. The thread of this adjusting 
screw has a pitch of only 1mm, allowing precise control of the spark-plug location. 
Windows are mounted in to the sides of the test rig allowing optical access to the main 
chamber. These windows are constructed from 6mm thick white float glass, two opposing 
sides giving access across the entire upper chamber, the orthogonal two sides only 
providing a thin slot through which a laser sheet can pass through the centreline. The 
windows are clamped in place against rubber seals, allowing for quick removal and 
cleaning. 
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Figure 5.2 – Schematic of Test Rig Components            
                Figure 5.3 – Image Of Test Rig 
 
 
 
Figure 5.4 – Schematic of Test Rig including basic dimensions 
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5.1.2. Preparation and Delivery of Reactants 
 
For the work detailed in this section, methane was used as the reactant and air was used to 
supply the oxidant, however, additional work involving hydrogen methane blends was 
carried out. Methane (CH4) was chosen as the fuel due to its unique combustion 
characteristics, which render it suitable for this type of experimental work. These 
characteristics include a high ignition temperature, a relatively low laminar burning 
velocity and a Lewis number of unity under stoichiometric conditions (see section. 
2.3.2.3 for definition of Lewis number). Add to these qualities methane’s availability, low 
cost, and its widespread use in both commercial and research activities, it was concluded 
that methane would be the most suitable fuel to use in this type of work. Air was used to 
provide the oxidant for the combustion process due to its established use within 
commercial combustion systems as well as its general availability. The composition of 
dry air is known to be 20.9% oxygen, 78.1% nitrogen, 0.9% argon and the remaining 
0.1% made up of carbon dioxide, helium, neon, and hydrogen (on a molar basis).  
 
The supply of methane used was a high pressure cylinder of technical grade methane 
(99.5% pure) regulated down to 5 bar, with hydrogen supplied in the same manner. The 
air was taken from a compressed air supply that was oil free and water filtered to a 
dryness fraction of 95%, it was also regulated to a pressure of 5 bar. 
 
 
Figure 5.5 – Schematic of Reactant Delivery System 
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The Sierra mass-flow controllers rely upon a thermodynamic principle to measure the 
mass flow rate passing through the device and a solenoid actuated valve to control the 
flow. The thermal method of flow measurement operates by isolating a proportion of the 
fluid travelling though the controller, and passing it through a heated sensing element. 
The temperature of the heated element is measured by thermocouples mounted at the 
upstream and downstream ends of the flow, and the temperature difference detected is 
proportional to the mass of fluid that passes through the element for a fluid of given heat 
capacity. The output of this sensor arrangement is then amplified and used as an input for 
the control system, which then operates the flow control valve. The units of measurement 
that the mass-flow controllers operate under can be altered via software from a range of 
options. For the work detailed in this thesis the controllers were set to measure in grams 
per minute.  
 
After regulation of the pressure and flow rate, the air passes through a TSI six-jet 
atomiser, which introduced droplets of oil in to the flow of ~1µm nominal diameter. 
These droplets enable laser diagnostic techniques to be employed during the combustion 
event, the number density within the premixed gas tailored to the particular technique 
being employed (see Chapter 3 from more information on the diagnostic techniques). 
Mixing of the air, methane and hydrogen was achieved using a simple T-sections within 
the pipe-work. Flame arrestors were fitted to all fuel supply lines prior to the mixing 
station. 
 
As stated earlier, the premixed gas was allowed to pass into the pre-chamber and out 
through the main chamber in order to purge the contents of the combustion rig of the air 
originally inside. This purging process lasted for two minutes to ensure complete purging 
of the gases present within the combustion chamber. The inlet and outlet points were 
opened and closed using pneumatic rotary ball valves, which in turn were controlled by 
24Volt solenoid valves. These valves would be opened during the purging process and 
then closed after two minutes of purging, trapping the premixed charge inside the 
combustion chamber. The contained charge was then left for a further minute in order for 
any flow structures within the rig to decay; this settling time was chosen in accordance 
with the work carried out by Jarvis (2003). 
 
For the initial work carried out on flame-vortex interactions a stoichiometric air fuel ratio 
was used due to its unitary Lewis number. Stoichiometric combustion is defined as the 
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burning of an air-fuel mixture when there is just sufficient air for theoretically complete 
combustion. Complete combustion occurs when all the carbon in the fuel becomes CO2, 
all the hydrogen becomes H2O, and any sulphur in the fuel becomes SO2. When methane 
is burned in air, the stoichiometric combustion equation can be approximated as: 
 
 222224 52.72)76.3(2 NOHCONOCH ++→++  
Equation 5.1 
 
From this equation the air-fuel ratio (AFR) can be calculated on a mass basis, given that: 
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 →am  Mass of air 
→fm  Mass of fuel 
→aM  Molar mass of the fuel 
→fM  Molar mass of air 
→an  Number of moles of fuel 
→fn  Number of moles of air 
 
The molar mass of methane is 16kg/kmol and the molar mass of air is 29kg/kmol. Using 
these values, the air-fuel ratio for a stoichiometric ratio of air and methane, on a mass 
basis, is: 
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Equation 5.3 
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5.1.3. Ignition System 
 
The most common method used to ignite a premixed charge is to use a spark generated by 
passing an electric charge across a gap between two electrodes. This form of ignition has 
been shown to be suitable in the study of combustion and ignition characteristics due to 
the degree of control offered. For many studies, such as Renou et al. (1998) Kaminski et. 
al. (2000), specifically designed systems have been used; however, for studies where the 
ignition period is not of paramount importance, commercial type ignition systems have 
been adopted due to their simplicity and repeatability. For example, Lee et. al. (1993) 
incorporated the use of a simple spark generation system to ignite a premixed charge, and 
both Mueller et. al. (1996) and Hargrave et al. (2002) utilised full IC engine ignition 
systems and spark-plugs to ignite methane-air mixtures. 
 
In the light of this previous work, a commercial ignition system was adapted to meet the 
necessary requirements of this study as the period of interest in the combustion process 
being examined was well after ignition. The system used was based upon the Luminition 
Optronic Ignition System, which is an infra-red solid-state breaker-less ignition system 
designed for IC engine use. This system uses an optical switch connected to the 
distributor to trigger the spark, however, this is inappropriate for the single event use 
required in this work. Therefore, the optical switch was replaced by a circuit that 
converted a single 5V TTL pulse into the 7.2V trigger pulse expected by the  command 
module, enabling a signal generator to be used to initiate combustion in a single shot 
manner. 
 
Figure 5.6 – Schematic of Ignition System 
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5.1.4. Pressure Measurement 
 
The pressure of the gas inside the combustion rig was monitored during the combustion 
event via two wall mounted pressure transducers. This measurement was undertaken in 
order to record the exact conditions under which the flame propagated - an important 
aspect in terms of understanding the interaction as well as for the validation of 
computational fluid dynamic codes. One pressure transducer was mounted within the 
lower chamber while the other mounted in the upper chamber. The lower chamber 
transducer was a Kistler piezoresistive transducer, type 4073, measuring the pressure in 
the chamber relative to a pre-calibrated ‘zero’ point. The upper chamber transducer, 
however, was measured via a piezocapacitive transducer, type 701A, measuring the rate 
of change in pressure. In order to produce readings of actual pressure from the 
piezocapacitive transducer, its pressure reading was ‘pegged’ to that of the lower chamber 
piezoresistive transducer at the start of ignition. The signals produced by the transducers 
were amplified by Kistler amplifiers, a piezoresistive amplifier type 4603 and a charge 
amplifier type 5011   
 
5.1.5. Data Acquisition System 
 
The pressure readings provided by the pressure transducers, via the amplifiers, were 
recorded using a National Instruments data acquisition system. This system comprised of 
6110 series PCI card capable of reading 4 channels simultaneously at a rate of 5 mega-
samples per second per channel with 12-bit resolution. A 2120 BNC shielded connection 
block was used to collect the data signals. In addition to the two pressure signals, the data 
acquisition system also recorded the PIV trigger signals, as well as the ignition trigger 
signal. A LabView program was written by the author to record all of the signals 
provided to the data acquisition card with respect to a constant time base. The program 
recorded the signals for a given time period, triggered by the ignition pulse. 
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5.1.6. Orifice Designs 
 
The orifices used in this work varied in both diameter and edge profile. Three different 
diameters were used along with three different edges, resulting in nine possible 
configurations. The details of the orifices used are given below. 
 
The Three Straight Edge Orifices 
 
 
 
Figure 5.7 – Orifice profile dimensions 
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5.2.  HSLSFV RESULTS 
 
The following section presents the results obtained using High Speed Laser Sheet Flow 
Visualisation. The images of the combustion events, in figures 5.11 to 5.27, show only 
one side of the vortex relative to the orifice, with the laser sheet passing through the 
centre of the toroidal vortex. Before the image sequence shown for each orifice a trace of 
the pressure history associated with the combustion event is provided. 
 
 
 
Figure 5.8 – Photo of HSLSFV being carried out on the test rig 
 
Details of the image acquisition are provided before each image sequence detailing the 
image resolution, frame rate, image size and image location.  
Y-axis Offset
X-axis Offset
Floor of main 
combustion chamber
 
Figure 5.9 – Location of HSLSFV images relative to the main combustion chamber 
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5.2.1. 40mm Straight Orifice 
 
In figure 5.11 the interaction between the propagating flame front and the flow structure 
produced by the 40 mm straight sided orifice can be observed.  The flame can be seen to 
enter the image region, with the burned region being drawn around the vortex rotation as 
the flame progresses. The time taken for the flame front to consume the vortex core is 
long in comparison to the time taken for the flame to progress around the vortex. 
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  30mm 
   Y axis (orifice top to image centre)  19mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 16ms after ignition 
Sequence Duration: 4.88ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0550 Bar 
   Time:   0.02034 s 
Main Chamber:  Max Pressure:  1.047 Bar 
   Time:   0.02034 s 
 
Figure 5.10 – Pressure Trace associated with the 40mm straight sided orifice 
5.2 HSLSFV Results 
 134 
 
Figure 5.11 – HSLSFV images of the flame-vortex interaction produced by the 40mm straight sided orifice.  
Dark areas denote burnt gas. 35x30mm image area 
72 74 76 
78 80 82 
84 86 88 
90 92 94 
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5.2.2. 30mm Straight Orifice 
 
In figure 5.13 the interaction between the propagating flame front and the flow structure 
produced by the 30 mm straight sided orifice can be observed. The interaction is similar 
to that shown in the 40mm straight case except that, as the flame interacts with the vortex 
core, the flame front loses its smooth profile, displaying a distinct wrinkle. More 
discussion on this structure is given in section 5.2.10. 
 
Resolution:  1024 x 1024 pixels 
Image Size:  40mm x 40mm 
Location:  X axis (orifice centre to image centre)  25mm 
   Y axis (orifice top to image centre)  20mm 
Frame Rate:  3000 Hz  
Sequence Start Time: 14.00ms after ignition 
Sequence Duration: 4ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0576 Bar 
   Time:   0.02058 s 
Main Chamber:  Max Pressure:  1.053 Bar 
   Time:   0.02050 s 
 
Figure 5.12 – Pressure Trace associated with the 30mm straight sided orifice 
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Figure 5.13 - HSLSFV images of the flame-vortex interaction produced by the 30mm straight sided orifice. 
 Dark areas denote burnt gas. 35x30mm image area 
42 43 44 
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48 49 50 
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5.2.3. 20mm Straight Orifice 
 
In figure 5.15 the interaction between the propagating flame front and the flow structure 
produced by the 20 mm straight sided orifice can be observed. The flow structure 
produced by this orifice appears to much complex than produced by the 40 mm of 30 mm 
orifices. The flame becomes much more wrinkled as it interacts with the flow, and 
consumption of the vortex core happens much more rapidly than either the 40 or 30 mm 
cases. 
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  20mm 
   Y axis (orifice top to image centre)  25mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 11.55ms after ignition 
Sequence Duration: 2.44ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0601 Bar 
   Time:   0.01644 s 
Main Chamber:  Max Pressure:  1.045 Bar 
   Time:   0.01626 s 
 
Figure 5.14 - Pressure Trace associated with the 20mm straight sided orifice 
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Figure 5.15 - HSLSFV images of the flame-vortex interaction produced by the 20mm straight sided orifice. 
 Dark areas denote burnt gas. 35x30mm image area 
52 53 54 
55 56 57 
58 59 60 
61 62 63 
5.2 HSLSFV Results 
 139 
5.2.4. 40mm Rounded Orifice 
 
In figure 5.17 the interaction between the propagating flame front and the flow structure 
produced by the 40 mm rounded orifice can be observed. Progression of the flame front 
around the vortex appears to be similar to that presented for the 40mm case except that, in 
the rounded case, the flame appears to get drawn around the vortex further before the core 
is finally consumed. 
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  30mm 
   Y axis (orifice top to image centre)  15mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 16.88ms after ignition 
Sequence Duration: 4.88ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0622 Bar 
   Time:   0.02126 s 
Main Chamber:  Max Pressure:  1.053 Bar 
   Time:   0.02126 s 
 
Figure 5.16 - Pressure trace associated with the 40mm rounded orifice 
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Figure 5.17 - HSLSFV images of the flame-vortex interaction produced by the 40mm rounded orifice.  
Dark areas denote burnt gas. 35x30mm image area 
76 78 80 
82 84 86 
88 90 92 
94 96 98 
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5.2.5. 30mm Rounded Orifice 
 
In figure 5.19 the interaction between the propagating flame front and the flow structure 
produced by the 30 mm rounded orifice can be observed. Like the straight sided orifices, 
the change from a 40 mm orifice to a 30 mm orifice increases the complexity of the 
interaction observed. In this set of images it can be seen that the flame is drawn around 
the vortex before the core is finally consumed simultaneously from two opposing 
directions in images 77 and 79.  
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  25mm 
   Y axis (orifice top to image centre)  15mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 13.55ms after ignition 
Sequence Duration: 4.88ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0535 Bar 
   Time:   0.01878 s 
Main Chamber:  Max Pressure:  1.046 Bar 
   Time:   0.01878 s 
Figure 5.18 – Pressure trace associated with the 30mm rounded orifice 
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Figure 5.19 - HSLSFV images of the flame-vortex interaction produced by the 30mm rounded orifice.  
Dark areas denote burnt gas. 35x30mm image area 
61 63 65 
67 69 71 
73 75 77 
79 81 83 
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5.2.6. 20mm Rounded Orifice 
 
In figure 5.21 the interaction between the propagating flame front and the flow structure 
produced by the 20 mm rounded orifice can be observed. The images shown little 
discernable difference from the interaction produced from the 20 mm straight sided 
orifice. The flow structure is complex and the flame becomes wrinkled from an early 
stage. The main vortex is consumed rapidly in comparison to the 40 and 30 mm cases. 
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  20mm 
   Y axis (orifice top to image centre)  15mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 11.11ms after ignition 
Sequence Duration: 2.44ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0481 Bar 
   Time:   0.01628 s 
Main Chamber:  Max Pressure:  1.041 Bar 
   Time:   0.01628 s 
 
Figure 5.20 - Pressure trace associated with the 20mm rounded orifice 
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Figure 5.21 - HSLSFV images of the flame-vortex interaction produced by the 20mm rounded orifice.  
Dark areas denote burnt gas. 35x30mm image area 
50 51 52 
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5.2.7. 40mm Sharp Orifice 
 
In figure 5.23 the interaction between the propagating flame front and the flow structure 
produced by the 40 mm sharp edged orifice can be observed. The structure of the 
interaction is significantly different from those produced form the straight sided and 
rounded orifices because, in addition to the main vortex rotation, a number of small 
vortices can be identified at regular intervals around the main flow rotation. These 
smaller vortices are rapidly consumed, distorting the flame front. The whole rotation 
structure is more rapidly consumed than for the straight and rounded configurations. 
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  30mm 
   Y axis (orifice top to image centre)  23mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 16.44ms after ignition 
Sequence Duration: 4.88ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0581 Bar 
   Time:   0.02022 s 
Main Chamber:  Max Pressure:  1.051 Bar 
   Time:   0.02022 s 
Figure 5.22 - Pressure trace associated with the 40mm sharp orifice 
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Figure 5.23 - HSLSFV images of the flame-vortex interaction produced by the 40mm sharp orifice.  
Dark areas denote burnt gas. 35x30mm image area 
72 74 76 
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5.2.8. 30mm Sharp Orifice 
 
In figure 5.25 the interaction between the propagating flame front and the flow structure 
produced by the 30 mm sharp edged orifice can be observed. The structure of the 
interaction is very similar to that seen in the 40 mm case except that the sub-vortices 
appear to be more clearly defined from an earlier stage in the interaction. The interaction 
and consumption of all the vortex cores happens more rapidly than in the 40 mm case. 
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  25mm 
   Y axis (orifice top to image centre)  25mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 15.11ms after ignition 
Sequence Duration: 2.44ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0596 Bar 
   Time:   0.01916 s 
Main Chamber:  Max Pressure:  1.053 Bar 
   Time:   0.01916 s 
 
Figure 5.24 - Pressure trace associated with the 30mm sharp orifice 
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Figure 5.25 - HSLSFV images of the flame-vortex interaction produced by the 30mm sharp orifice. 
 Dark areas denote burnt gas. 35x30mm image area 
68 69 70 
71 72 73 
74 75 76 
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5.2.9. 20mm Sharp Orifice 
 
In figure 5.27 the interaction between the propagating flame front and the flow structure 
produced by the 20 mm sharp edged orifice can be observed. In this interaction, the sub-
vortices produced by the sharp orifice are wrapped round a significantly smaller main 
rotation. Therefore the a second ring of vortices wraps around the first before the flame 
reaches the measurement region. The result of this is more complex flow field and a more 
distorted flame front. 
 
Resolution:  896 x 784 pixels 
Image Size:  35mm x 30mm 
Location:  X axis (orifice centre to image centre)  20mm 
   Y axis (orifice top to image centre)  35mm 
Frame Rate:  4500 Hz  
Sequence Start Time: 12.44ms after ignition 
Sequence Duration: 2.44ms 
 
Pressure Data 
 
Pre-Chamber:  Max Pressure:  1.0857 Bar 
   Time:   0.01670 s 
Main Chamber:  Max Pressure:  1.065 Bar 
   Time:   0.01670 s 
Figure 5.26 - Pressure trace associated with the 20mm sharp orifice 
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Figure 5.27 - HSLSFV images of the flame-vortex interaction produced by the 20mm sharp orifice.  
Dark areas denote burnt gas. 35x30mm image area 
56 57 58 
59 60 61 
62 63 64 
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5.2.10. Discussion 
 
The flame-vortex interactions observed using  HSLSFV demonstrate clear differences in 
how the flame responds to the different flow structures encountered. However, the basics 
of how the vortices are formed and how the interactions are setup remains the same. As 
the flame propagates through the pre-chamber, the expansion pushes the flow ahead of 
the flame front and through the orifice connecting the pre-chamber to the main 
combustion chamber. The flow being pushed into the main chamber expands into the 
larger volume and vortices are formed in the wake of the annular baffle formed by the 
orifice. The vortex is basically toroidal in shape and is shed from the edge of the orifice. 
The toroidal vortex grows in width and continues to expand out from the orifice as the 
propagating flame exits the orifice and finally consumes the mixture in the main chamber. 
For the 30mm and 40mm orifices (see figures 5.11 and 5.13), the main rotation is well 
defined and flame can be seen to react with the vortex in a clean manner. However, for 
the 20mm cases (see figures 5.15, 5.21 and 5.27) the interaction is substantially quicker 
and considerably more complicated. The reason for this change in the interaction is that 
the velocity gradient across the shear layer is so large in the 20mm cases that small scale 
turbulence is being created, which is then being drawn into the main rotation. Figure 5.28 
shows the labels used to describe the main components of the flame vortex interaction. 
 
Vortex Core
Main RotationSub-Vortex
Vortex Stem
 
Figure 5.28 – Vortex components 
 
In addition to the rotation of the main toroid shed from the orifice edge, smaller ‘sub-
vortices’ are shed from the orifice within the shear layer between the fast moving flow 
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travelling through the orifice and the stagnant gas in the main chamber. For the straight 
and rounded edge orifices, these sub-vortices only start to be produced relatively late on 
in the interaction, producing ridges or steps in the flame front around the vortex stem. As 
the interaction progresses these sub-vortices get pulled towards the main rotation. 
However, for the sharp edge orifices, these sub-vortices occur a lot more rapidly and are 
considerably more dominant; the occurrence of these well defined sub-vortices provide 
the opportunity of studying how flame fronts interact with vortices of a much smaller 
diameter. 
 
One of the more interesting aspects of the interaction between the flame and the flow is 
the difference in how the flame-front consumes the vortex core depending on the nature 
of the vortex encountered. Consider the cases of the 30mm and 40mm orifices, both 
straight and rounded shown in figures 5.11, 5.13, 5.17 and 5.19). For the 40mm straight 
sided orifice (in figure 5.11) the flame-front is drawn around the outside of the vortex 
following the motion of the fluid. The core of the vortex is not consumed until late on in 
the interaction. In contrast, for the case of the 30mm straight sided orifice (in figure 5.13), 
although the flame front is initially drawn around the edge of the vortex, the flame 
appears to burn across the direction of the rotating fluid, consume the core of the vortex, 
at a much earlier stage. The same fundamental difference can be identified between the 
30mm and 40mm rounded orifices. (see figures 5.17 and 5.19) For the 40mm rounded 
orifice reluctance of the flame to burn across the direction of flow seems to be so extreme 
that the flame front spirals in towards the vortex core leaving a thin band on unburned gas 
until late of in the interaction. The 30mm rounded orifice (figure 5.19) behaves in similar 
manner to the 30mm straight (figure 5.13) with part of the flame front consuming the 
reactants across the flow lines and consuming the vortex core.  
 
Whether the differences between the different interactions are due to fundamental 
difference in the flow structures or are brought about by the differences in how the flame-
fronts respond to rotational flows cannot be ascertained from HSLSFV data as no 
information on the flow velocity is contained in the results. Therefore, Time-Resolved 
PIV was used to provide more information about the vortices and the resulting 
interactions.    
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5.3.  HIGH SPEED PIV RESULTS  
 
Overview of experimental arrangement 
 
The high speed PIV system used for this work was developed by TSI Incorporated. The 
system centres around a New-wave Pegasus Nd:YLF laser and a Photron APX-RS high 
frame rate digital camera. With this system full frame PIV velocity fields can be recorded 
at a rate of 1500 Hz and half frame velocity fields (using 512 by 512 pixels) can be 
recorded at a rate of 5kHz. Details of the setting used for this work are provided in.table 
5.1. As can be seen in Figure 5.29. the laser sheet was passed through the centre of the 
combustion chamber, intersecting with the centre-line of the orifice. The Photron camera, 
fitted with a 105mm Nikor Macro lens, was then positioned so that a 42 by 42mm region 
could be imaged when at full frame.  
 
 
Figure 5.29 – Diagram of Time resolved PIV setup 
 
Particle Size dp 1.0 µm 
Wave Length λ 527.00 nm 
Pixels on CMOS Array   1024x1024   
CMOS Array Size Ac 17.4 mm 
Pixel Size dr 17 µm 
Imaged Area Size AI 42.00 mm 
Image Magnification M=Ac/AI 0.405   
f-Number f 11   
Diffraction Limited Spot Size ds=2.44(M+1).f.λ 20.06 µm 
Imaged Particle Size di=((M.dp)2+(2.44(M+1)f.λ)2)1/2 20.07 µm 
Interrogation Region Size   32 by 32 pixels  1.31 mm  
 
Table 5.1 – HSPIV imaging parameters 
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Table 5.1 contains the settings used to capture the images required for the PIV 
measurements. These values highlight the compromise between the imaged particle size, 
resolution, and clarity of the images that is required when recording high speed PIV 
images. In the work that has been carried out in this study, the camera lens was set to an 
f-number of 11, this was required in order to capture enough of the light scattered by the 
particles for correlation. However, with this relatively low f-number, the depth of field 
recorded increased and the theoretical particle image size decreased in diameter to less 
than 2 pixels width (just 20.07 µm). Ideally this particle image size would be increased to 
over 32 µm (Adrian 1997) but in order to achieve this, either a far greater level of 
magnification would have to achieved, or, the pulse energy of the laser substantially 
increased in order to raise the f-number. Nevertheless, despite these theoretical limitations 
it is still possible to produce PIV data with a good degree of accuracy using an f-number 
of 11; an RMS uncertainty of 0.03 pixels can be achieved (Adrian 1997), which 
corresponds to an error of ±0.06m.s-1 for a dt of 20 µs and image area of 42x42mm. An 
example of a typical 32x32 pixel interrogation region is shown in Figure 5.30. 
 
 
 
Figure 5.30 – Example interrogation region 
 
The following images display the velocity vectors calculated from the images produced 
by the Time Resolved PIV system for the three orifices investigated. Image pairs were 
recorded at a rate of 1500 per second at a resolution of 1024 by 1024 pixels. The areas 
imaged in the flow were all 42mm square sections along the central axis of the 
developing toroidal vortex. The vectors were calculated using Fast Fourier Transform 
(FFT) cross-correlation based upon 32 by 32 pixel interrogation areas with a 50% 
overlap. This produces interrogation regions of 1.3x1.3mm with vectors plotted every 
0.65mm.  
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The regions recorded by the 1500Hz PIV for the three different orifices are shown below: 
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 30mm Orifice 
 
 
 
 
 
 
 
 
 
20mm Orifice 
 
 
 
 
 
 
 
 
 
Figure 5.31 – HSPIV Imaging regions 
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5.3.1. High Speed PIV for the 40mm Orifice 
 
          
m.s-1 
 
Figure 5.32 – Single velocity vector field from the 40mm orifice interaction 
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Figure 5.33 – Velocity field time sequence for the 40mm orifice case,  1500Hz PIV  
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5.3.2. High Speed PIV for the 30mm Orifice 
 
 
 
m.s-1 
Figure 5.34 – Single velocity vector field from the 30mm orifice interaction 
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Figure 5.35 – Velocity field time sequence for the 30mm orifice case,  1500Hz PIV 
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5.3.3. High Speed PIV for the 20mm Orifice 
 
 
m.s-1 
 
Figure 5.36– Single velocity vector field from the 30mm orifice interaction 
 
5.3 High Speed PIV Results 
 161 
 
 
Figure 5.37 – Velocity field time sequence for the 20mm orifice case,  1500Hz PIV 
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5.4.  VORTEX CHARACTERISATION 
 
The data provided by the Time Resolved PIV can be used to accurately characterise the 
vortices produced by the different orifices. From single velocity fields, the tangential 
velocity, relative to the centre of the vortex, can be extracted and analysed in terms of the 
radial distance so that a comparison can be made concerning both size and strength of the 
rotation. In order to compare the vortices on a ‘like for like’ basis, the spatial fields from 
which the different velocity profiles were extracted, were chosen at points where the 
vortices had developed, but interaction with the flame had not yet started. 
 
 
 
The Velocity field used to characterise the 
vortex formed from the 20mm Orifice 
 
 
 
 
 
 
Velocity field used to characterise the vortex 
formed from the 30mm Orifice 
 
 
 
 
 
 
Velocity field used to characterise the vortex 
formed from the 40mm Orifice 
 
 
 
 
 
Figure 5.38 – Identification of vortex centre locations 
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First, let us compare the mean tangential velocities produced by each of the vortices 
developed: 
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Figure 5.39 – Mean tangential velocities through each vortex, measured from the vortex centre 
 
The velocity profiles shown in the figure above demonstrate the mean tangential 
velocities calculated across 0.7mm radial bands around the centre of the vortices. This 
distance was chosen as it meant that interrogation regions weren’t missed or jumped over 
between bands.  
 
These profiles clearly show the slow velocity inner core of the vortices, the rapid increase 
in velocity towards the outside edge of the vortex core, and the dissipation of the 
rotational motion beyond the core. However, these mean velocity profiles are distorted by 
the presence of the jet of unburned gas exiting through the orifice. This jet of fast moving 
gas increases the mean velocities outside of the vortex core, creating a secondary peak in 
the mean velocity profiles and skewing the results. This affect can be clearly seen if we 
compare the mean velocities across each half the vortices, the inside half closest to the 
orifice and the outside half furthest away from the orifice.  
Inside Half of Vortex Outside Half of Vortex
 
Figure 5.40 – Notation of the vortex halves 
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a) Mean Tangential Velocities Calculated Across the Outside Half of the Vortex 
b) Mean Tangential Velocities Calculated Across the Inside Half of the Vortex 
 
Figure 5.41 – Mean tangential velocities across each half the vortex 
 
The mean velocity profiles calculated across the outside half of the vortices all show an 
increase in the mean velocity from the centre of the vortex to the outside edge of the 
vortex core; it is at this point that the maximum tangential velocity occurs. For the three 
different orifices examined, the vortices all displayed the same approximate vortex core 
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diameters, that of 3.1mm. The main difference between the different vortices being the 
maximum tangential velocity developed. On the other hand, if we consider the mean 
velocity profiles for the inside half of the vortices, these profiles incorporate the orifice 
jet, which distorts the mean velocity calculated. A small peak in velocity is still 
noticeable at around the 3mm mark, but this is dwarfed by the presence of the peak 
associated with the jet. 
 
The maximum tangential velocity that occurs at the edge of the vortex core increases with 
a decrease in orifice size, however, the magnitude of the mean values across the outside 
half of the vortex produced by the 20mm orifice are significantly smaller than you might 
expect (only ~0.5m.s-1 higher than the 30mm case). These apparently low velocities 
present in the outside half of the vortex are due to the high velocity of the gas travelling 
through the 20mm orifice; this high velocity jet causes the flame to interact with the 
vortex at a much earlier stage than occurs in either the 30mm or 40mm orifice cases, 
resulting in a comparatively underdeveloped vortex. The result of this early interaction is 
that there is a greater difference in the tangential velocity between the inside half of the 
vortex and the outside half. This uneven velocity profile is evident if we examine the 
tangential velocity of the flow along a single line horizontally across the core of the 
different vortices: 
 
Figure 5.42 – Velocity profiles through vortex centres 
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The velocity profiles of the toroidal vortices shown in figure 5.42 closely match the 
model of Rankine’s combined vortex illustrated in figure 5.43. This vortex model consists 
of a rigidly rotating core of fluid, of radius R, surrounded by a free vortex with matching 
rotational velocity and pressure at R. The inner core of the vortex is rotational or ‘forced’ 
in nature, which means that there is no shear layer present and the fluid rotates as a solid 
body. The rotational velocity reduces towards the centre of the vortex, away from R. This 
region is characterised by high vorticity as a fluid element within the flow is rotated as it 
processes around the vortex. The free vortex surrounding the vortex core, however, is 
irrotational in nature and has reducing velocity outwards from radius R. Within this 
region, shear is present between radially connected fluid elements so that rotation of the 
element, relative to the lab coordinates, is zero. This means that the irrotational region of 
the vortex is characterised by no vorticity. The radial pressure through the Rankine vortex 
reduces towards the vortex centre due to the centripetal acceleration present within the 
flow, the highest pressure gradient occurs at point R. A schematic of the velocity and 
pressure profiles present within the Rankine vortex model is shown in figure 5.43. 
 
Figure 5.43 – The Rankine combined vortex model 
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Figures 5.44 and 5.45 contain examples of the velocity and vorticity fields produced in 
the 40mm orifice case. As can be seen from these figures, a section of the toroidal vortex 
demonstrates Rankine properties and thus this combined vortex model can be used to 
characterise its behaviour.          
 
Figure 5.44 – An example of the velocity field produced through the axis of a typical toroidal vortex 
 
Figure 5.45 – An example of the vorticity field produced through the axis of a typical toroidal vortex 
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5.5.  CONCLUSION 
 
The purpose of this chapter has been to detail the design of the novel twin-chamber 
combustion bomb used for the remainder of this work, and characterise its output. As part 
of this process, HSLSFV and HS-PIV has demonstrated the diverse range of interactions 
that are possible. The HSLSFV results have shown the different vortex structures that can 
be produced by changing the orifice separating the two combustion chambers. Just 
changing the outlet edge of the orifice can change the exit flow from a large single 
toroidal vortex (produced using a rounded edge) to multiple small vortices held within a 
main rotation (produced using a sharp edge). In addition, the PIV work has shown that 
changing the diameter of the orifice does not significantly alter the diameter of the 
vortices produced, but does dictate their rotational velocity 
 
The study of the different interactions has shown that the rate a which the flame front 
propagates through the charge held within the core of the vortices changes depending on 
the structure of the vortex produced. This is a very interesting observation as it indicates 
that the flame burns across the flow lines of the vortices at different rates, depending on 
the nature of the flow locally interacting with the propagating flame. In order to establish 
whether the flame propagation is actually being affected by the flow structure the true 
local burning of the flame needs to be measured so that it can be compared to the details 
of the flow locally encountered. Under the circumstance of this interaction this is a 
difficult measurement to attempt because of the fast moving, highly rotational flow in 
which the reaction is occurring. The following chapter looks at this complex problem and 
proposes a new algorithm for the measurement of this important variable. 
 
Due the time restraints of this project it is not possible to fully analyse all of the different 
interactions detailed within this chapter. Therefore, the remainder this thesis will 
concentrate on only one of the vortex interactions. It is hoped that further work will be 
conducted after this publication to investigate the affects of  varying the vortex size and 
strength. The flame-vortex interaction chosen for the remainder of this work is that 
produced by the 30mm straight sided orifice. This interaction has been chosen because it 
involves the fastest moving single vortex with the smallest diameter where small sub-
vortices only appear late on in the interaction. Smaller, faster vortices are produced with 
the sharp edged orifice, however, these are embedded within a fast moving flow so their 
analysis is made considerably more complex. 
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6.1.  INTRODUCTION 
 
 
From the work carried out in chapter 5 it is clear that flame propagation is highly 
dependent upon the structure of the flow encountered. The results from the HSLSFV and 
Time-Resolved PIV indicate that, under certain flow conditions, a flame front propagates 
towards the centre of a vortex , normal to the direction of flow, more rapidly than under 
other conditions. However, so far, this apparent alteration in the rate of flame propagation 
has not been quantified. This chapter looks specifically at measuring the speed of flame 
propagation in order that this quantity can be used to gauge how the rate of reaction is 
affected by the fluid flow.  
 
The literature review in Chapter 2 has already introduced the two main approaches to 
measuring flame propagation, the Local approach and the Global approach. In addition to 
this separation there is also a division as to whether a displacement speed or a 
consumption speed is measured. Displacement speeds are concerned with rate at which 
the flame propagates across a volume of reactants, while consumption speed incorporates 
an appreciation of density so that rate of mass consumption is measured. This results in 
option of burning velocity measurements based on four different definitions: the local 
displacement speed (Sd), the local consumption speed (ST), the global displacement speed, 
( dS ), and the global consumption speeds ( TS ) (Filatyev et al. 2005). To understand how 
different aspects of flow structure affect flame propagation it is important that we 
measure how the flame is locally affected, therefore, only local flame propagation 
measurements will be utilised within this work. In addition to this, although the 
measurement of consumption speed provides useful information on the rate at which 
reactants are consumed, it is in practice a difficult characteristic to quantify on a local 
basis as local instantaneous density would have to be known. As a result, the best option 
is to measure the true local burning velocity of the flame and use this to assess how the 
reaction is affected. 
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6.2.  THE MEASUREMENT OF BURNING VELOCITY 
 
6.2.1. Current Measurement Techniques 
 
Although the concept of a measured burning velocity is quite simple, in practice it is a 
difficult variable to quantify, particularly on a local basis. Researchers have taken several 
different approaches to its measurement in the past, depending on the experimental 
configuration, with interesting results. In general burning velocity measurements can be 
split into two groups.  
 
The first group of burning velocity measurement is characterised by the reactant flow 
being controlled in some way and the corresponding flame position recorded. Examples 
of this approach include Savarianandam & Lawn (2006), and Shepherd & Cheng (2001). 
Savarianandam and Lawn (2006) used a flat-flame burner in their experiments with the 
reactants passing though a turbulence generating grid into a conical diffuser. The velocity 
of the reactant flow was measured prior to ignition, throughout the volume of the diffuser, 
in order to characterise the turbulence and mean velocity of the flow. The reactants were 
then ignited and the corresponding flame height used, in conjunction with the flow 
velocity measurements, to deduce burning velocity. In a similar manner, Shepherd and 
Cheng (2001) used a finite-volume conditional mass flux method to measure the reactant 
flow across a flame boundary in a low swirl burner. They then used this value to 
determine the mean flame speed (relative to the unburned gas) required to maintain flame 
position. This technique is very useful for determining the relationship between the 
turbulent flame speed and particular traits of the reactant flow such at equivalence ratio 
and turbulence intensity.  The disadvantage of this approach is the general nature of the 
results. As the flow is only measured under non-reacting conditions or at a position away 
from the flame front (which can never be truly stationary under turbulent conditions), the 
actual local flame response can never be fully determined. 
 
The second group of burning velocity measurements operate by recording the local 
movement of a flame front as it propagates through a reactant field. Examples of this 
approach include work carried out by Renou et. al. (2000) and Sinibaldi et. al. (2003). 
Renou et. al. (2000) looked at the local burning velocity in an outwardly propagating 
flame using high speed laser sheet flow visualisation. In this work, the local burning 
velocity ( )tu  is stated as being the difference between the local flame velocity )( FV , 
6.2.  The Measurement of Burning Velocity 
 172 
measured normal to the flame front )(n , and the local flow velocity in the same direction 
)( GV  (see Figure 6.1). 
 
         
Figure 6.1 – Local burning velocity measurement using flame displacement speed. 
 
If the unburned gas velocity is utilised, as in the work by Sinibaldi et al. (2003) then the 
equation for the burning velocity is stated as: 
 
[ ] [ ]nVnVu ⋅−⋅= GFt  
Equation 6.1 
 
However, if the burned gas velocity is used, as in the work by Renou et al. (2000) then 
the density ratio between burned and unburned gas (ρb/ρu) is included.  
 
[ ] [ ]nVnVu ⋅−⋅= GF
u
b
t ρ
ρ
 
Equation 6.2 
 
It is perhaps important at this point to clarify the terms of burning velocity and flame 
speed as often these two terms are used interchangeably, depending on the author and 
method of measurement. The burning velocity is, by its very nature, a vector term. 
However, in order for results to be compared, the scalar magnitude of this value is 
generally quoted; a value that is equivalent to the flame displacement speed relative to the 
unburned gas ahead of the flame front. Therefore, where equations result in a vector 
output, the turbulent burning velocity ut will be quoted. This value will then be equated to 
the turbulent flame displacement speed, dS , with the sign convention of positive towards 
the unburned reactants: 
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tdS u=  
Equation 6.3 
In the work by Renou et. al. (2000) they argue that, so long as the time interval between 
measurements of flame location are small, the scalar value of  )( nV ⋅F  equates to the 
local minimum distance between sequential recordings of flame front position over time 
(dx/dt). Additionally they argue that, as the term equating to flow velocity can be 
neglected due to its assumed low value compared with the flame speed. This results in 
equation 6.2 becoming: 
 
     
dt
dxS
u
b
d ρ
ρ
=  
Equation 6.4 
 
Sinibaldi, et. al. (2003) take the same initial stance as that of Renou, et. al. (2000)., 
utilising equation 6.1 as a measure of burning velocity. However, a different set of 
assumptions are applied, altering the measurement considerably. In their work on flame-
vortex interaction, Sinibaldi, et. al. (2003) argue that the gas velocity is a significant term 
and should be taken into account, therefore it remains in the equation with PIV employed 
to quantify the gas velocity at discrete points around the flame. Therefore they use 
equation 6.1 and measure the unburned gas velocity. 
 
[ ] [ ]nVnVu ⋅−⋅= GFt  
Equation 6.5 
 
Figure 6.2 – Schematic of flame contours used by Sinibaldi et. al. (2003) 
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The work by Renou et. al. (2000) and Sinibaldi et. al. (2003) both shown that tracking the 
displacement of the flame over a known time interval can provide useful information 
about flame response to flow structure. However, the approach taken by Renou et. al. 
(2000), to discount the affect of flow velocity, should be questioned when dealing with 
the type of flows detailed in Chapters 4 and 5 of this thesis. In these experiments the flow 
velocities are high when compared with the burning velocity of the reactants and 
therefore play a significant role in the displacement of the flame front. The approach 
taken by Sinibaldi et. al. (2003) is much more applicable to turbulent flame propagation 
as it takes into account the high levels of flame displacement caused by the fluid flow. As 
a result, meaningful information on flame-flow interaction can be determined. However, 
this approach does encounter problems when trying to deal with the case of a flame 
interacting with a flow containing a strong tangential component. In such situations, 
where this tangential flow is comparable to or greater than the burning velocity, a point 
on the flame front can be moved or ‘advected’ a considerable distance away from a 
direction normal to the flame front, as detailed in Figure 6.3.   
 
 
Figure 6.3 – Schematic of flame displacement away from the ‘normal’ direction 
 
This movement of the flame element means that if only a flame movement normal to the 
flow velocity is utilised, two very different sections of the flame are related, resulting in a 
false burning velocity measurement. For example, consider the diagram above. The 
movement of the surrounding gas flow advects point A in the direction indicated by the 
black vector, at the same time as this the flame continues to propagate through the 
reactants. This combination of advection and propagation results in flame element A 
moving to position BA. However, if the flame is only considered to more in a direction 
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normal to the flame front then element A would be related to the position of element BN, 
a noticeably different point on the flame front.  
6.2.2. Proposal for a New Technique for Burning Velocity Measurement 
 
It is clear from the work undertaken in chapters 4 and 5 that the there are two aspects 
involved in flame displacement: 
 
• Flame Advection 
• Flame Propagation 
 
It is also apparent that the techniques used in the past (as described in the previous 
section) cannot adequately separate these two factors in the case of tangential flow. 
Therefore, if we are to establish the true response of a flame front to local flow 
conditions, a new technique is required that can cope with strong tangential flow, as often 
found in turbulent combustion. 
 
As a result of this need, this work proposes a new approach for the calculation of local 
burning velocity and has developed a computationally based algorithm for its 
measurement. The basis of this new approach is that velocity data ahead of a flame front 
is used to advect that flame over a small period of time creating a ‘virtual’ flame front. 
This virtual flame is then compared with the actual flame front that was recorded after 
this same time interval. The difference between the actual and virtual flame fronts 
provides the local flame displacement due to propagation, and thus can be used calculate 
burning velocity.  
 
Figure 6.4 – Burning Velocity Calculation using Flame Advection 
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Using the velocity of the surrounding charge to advect the flame front to a theoretical 
position, prior to the measurement of burning velocity, enables its impact on the flame 
movement to be included regardless of its magnitude and direction. The flame is still 
considered to propagate in direction normal to its surface, a view that is supported by the 
results shown in many studies of flame response to curvature and stretch (Chen and Im 
1998; Escudier et al. 1999) 
 
The accuracy of this proposed method of burning velocity calculation relies on three 
things: 
 
1. The accuracy of the velocity data used to advect the flame front 
2. How accurately the flame position can be identified 
3. The relationship between the recorded velocity data and the actual displacement 
of the reaction zone which may experience flow curvature as well as 
acceleration/deceleration affects.  
 
In order to minimise these potential sources of error, the time separation between the 
recording of the flame position needs to be kept small enough for the flow to be 
considered to be represented by a single velocity measurement taken at the time of the 
first position recording. Conversely, however, this time step needs to be big enough to be 
able to measure the difference between the advected flame location and the true flame 
location with a good degree of resolution. More information on accuracy and the role of 
time periods is included later in this chapter. 
 
There are several techniques that could be employed to measure both the flame 
displacement and the flow velocity. Due to the nature of the relationship between flame 
and flow that is being investigated, only non-invasive optical diagnostic techniques have 
been considered. To measure the flow velocity three optical techniques are available: 
Molecular Tagging Velocimetry, Laser Doppler Anemometry, and Particle Image 
Velocimetry. From these options PIV was chosen due to the availability of equipment, its 
ability to provide velocity mapping over a 2D field, and its proven accuracy.  In the same 
manner, there are several techniques that can be used to identify flame edge location; 
these include Schlieren Imaging, Laser Induced Fluorescence, and High Speed Laser 
Sheet Flow Visualisation.   
 
Schlieren is a useful tool for measuring flame front location, as it directly records 
variation in fluid density. However, problems arise when trying to relate Schlieren images 
to simultaneous velocity measurements. Schlieren operates by recording an image created 
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by a collimated beam of light passing through the region of interest. This beam is then 
focused past a knife edge obstruction and into the lens of a camera. As the path of the 
collimated light is shifted due to refraction produced by the changes in density, the focus 
point relative to the knife edge is shifted causing some of the light to be blocked. As a 
result the image produced details density gradients present in the beam path (see section 
2.5.1). The size of the image produced, and the level of distortion present, is highly 
dependent upon the type, position, and quality of the optics used, therefore it is very 
difficult to accurately relate the Schlieren image to a PIV result produced using a separate 
system. Using the same imaging system to record both the particle images and the 
Schlieren image was attempted during the course of this work (see Figure 6.1), an 
approach that ultimately proved unsuccessful. The reason that this combined method did 
not work is due to the different set-up requirements of the two techniques; when set up to 
create a good PIV image the Schlieren image becomes too weak for accurate edge 
detection, when set up to create a good Schlieren image the PIV particle images become 
distorted as the light travels past the knife-edge. 
 
Figure 6.5 – Combined Schlieren and PIV imaging system 
 
The second option for flame location imaging, the use of Laser Induced Fluorescence 
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technique. Not only does the image of the CH fluorescence provide flame location, it also 
provides information on flame thickness and reaction intensity (either qualitatively or 
quantitatively depending on the complexity of the setup).  In addition to this, LIF can also 
be used in conjunction with PIV utilising solid ceramic particles. Combining these two 
techniques can therefore provide detailed velocity measurements, within both the burned 
and unburned regions of the flame, as well as flame location (Donbar et al. 2001). The 
difficulty in applying this combination of techniques to measure burning velocity comes 
from the need to record two LIF images separated by a short time interval. To achieve 
these two images a high energy double pulsed laser, coupled to a suitable dye laser, 
would be required to produce the two illumination pulses. Then, to record the images, a 
high resolution, twin frame, gated, intensified camera would be needed. The equipment 
necessary for this kind of arrangement was not available at the time of this work, 
however, future research may look at utilising this kind of experimental arrangement.     
 
The third option for flame imaging is the use of High Speed Laser Sheet Flow 
Visualisation (HSLSFV) in conjunction with oil seeding particles. This technique has 
been shown to be highly successful in recording flame location by the work of Jarvis and 
Hargrave (2003; 2006) as it provides a clear boundary between the burned and unburned 
gases. The problem with using HSLSFV is that it generally relies on a high density of 
seeding particles in conjunction with a high powered laser in order produce an easily 
discernable flame boundary with sufficient contrast. This arrangement would of course 
obliterate the signal necessary for PIV. However, it was discovered during the course of 
this research that it is possible to determine a clear flame boundary using a standard PIV 
image with the seeding density set at the upper limit permissible for accurate PIV. For 
this technique to work, the PIV images had to analysed using a computational algorithm 
in order to identify regions containing particle images and thus produce an accurate flame 
boundary. More information on this process is provided in section 6.3. An alternative 
approach to producing a clear flame boundary was considered. This concept utilised a 
mix of fluorescent oil particles and standard oil particles in conjunction with wavelength 
filters on the cameras. The sparse fluorescent particles (producing light at a different 
wavelength to the excitation wavelength) would be used to provided the PIV signal while 
an image produced from the light scattered from both the fluorescent and non-fluorescent 
particles would provide the flame edge location. It was decided after the success of the 
computational algorithm with standard PIV images, that this added level of complexity 
was not required. 
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6.3.  DETERMINATION OF THE FLAME FRONT LOCATION 
 
As mentioned in the previous section, in order to determine an accurate flame front 
location from a PIV image, the areas containing particles need to be distinguished from 
those where they have been consumed. To achieve this aim, a computational algorithm 
was developed that could read in the PIV images and identify the boundary between 
burned and unburned regions.  
 
 The first stage of this process is to apply a threshold level to the image. This places all 
pixels above a given intensity to a value of one (denoting the unburned region) and all 
pixels below to zero (denoting the burned region). The threshold value must be chosen 
carefully as variations in light intensity can occur throughout the images. Additionally, 
each image requires its own threshold value due to variations in laser pulse energy 
between frames. Application of the right threshold value goes a long way in 
differentiating between regions of burned and unburned gas due to the variation in 
intensity of the particle images produced by the laser light sheet. This variation is 
governed by the power of the light sheet which has a Gaussian profile when viewed from 
above. The non-uniform profile means that those particles in the central region of the 
sheet produce high intensity images while those at the outer edges (towards the limit of 
the focal depth of the camera lens)  produce very weak images.  
 
 
Figure 6.6 – Schematic of Gaussian illumination of particle within the laser sheet 
 
The high intensity particle images are the main contributors to the PIV signal and 
dominate the cross-correlation process, these can be seen clearly as individual particles 
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within the raw image (Figure 6.7a). However, the lower intensity images are still 
recorded on the image but are not immediately apparent, instead they contribute to a level 
of background of light within the unburned gas region (Figure 6.7 b). 
 
 
Figure 6.7 – Particle intensity recorded using a TSI PIV-Cam digital camera 
 
By applying a threshold level that has a value above that of the burned region, yet below 
the background level of the unburned region, a good initial distinction between burned 
and unburned regions is achieved (see figure 6.8).  
 
 
Figure 6.8 – PIV image after a threshold value has been applied 
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Although the thickness of the laser sheet means that useful background illumination is 
provided, care must be taken with the sheet forming optics so that the sheet does not 
become too thick. If this occurs then particles away from the centre-line of the vortex will 
start to make a significant contribution to the velocities measured. Additionally, the 
curvature of the flame, relative to the centreline of the combustion chamber orifice, will 
start to add a level of uncertainty to the flame front location (see Figure 6.9). A sheet 
thickness of less than 1.5mm was found to provide good results. The reason for this is 
demonstrated in Figure 6.9. The interaction between the flame and the toroidal vortices 
generally occur at a distance of between 20 and 40mm from the centre of the orifice. With 
the flame varying in radius between these values, and the laser sheet thickness set to 
1.5mm, a resultant variation in flame location of between 7 and 14µm occurs. Given the 
size of the images used is generally between 17 and 20mm, each pixel represents between 
17 and 39µm  (depending on the camera used). Comparing the position variation to this 
spatial resolution, it can be seen that this level of uncertainty is relatively small.  
      
 
Figure 6.9 – The affect that sheet thickness has on flame front location 
 
Figure 6.8 demonstrates that even after the threshold value has been applied to the image 
there is not a definite separation between burned and unburned regions. It can be seen that 
occasional particle images appear in the burned region as well as blank spots in the 
unburned region whose intensity is below the threshold. To deal with these situations the 
computational algorithm examines the value of each pixel, in conjunction with those 
surrounding it, in order to establish its validity in terms of location. The program 
compares the value of the pixel (where a value of one denotes an unburned location and a 
value of zero denotes a burned location) with the values of the pixels in a ring around it 
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two pixels away (see Figure 6.10). This ring of pixels is examined in terms of opposing 
pairs, whether the values of these pairs match or differ from each other. For the case 
where the interrogated pixel has a value of zero, if any of the opposing pairs in the ring 
have matching values of one, then the interrogated pixel is deemed to be inside the 
unburned region and set to one as well (see Figure 6.10, a). If a matching pair of ones is 
not found then the value of the pixel is unchanged. Likewise, if the interrogated pixel has 
a value of one and a matching pair of zeros is found, then the pixel is deemed to be in the 
burned region and set to a value of zero (see Figure 6.10, b). The changed values are 
stored on a duplicate image, separate from the one used in the analysis; this prevents 
corruption of the data as each pixel is analysed from the original file. 
 
 
Figure 6.10 – Determination of incorrect pixel value 
 
Once the full image has been analysed the duplicate copy with the adjusted values 
overwrites the original. This whole-image analysis is carried out a number of times in an 
iterative loop until all of the incorrect pixel values have been adjusted. With this binary 
image of the unburned and burned regions produced, the flame edge is identified at the 
location of the change in value. The position of the flame edge is fixed at the pixel 
locations on the burned gas side of the boundary as this is where consumption of the oil 
particles is occurring.  
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Figure 6.11 – Derived flame front location compared with the intensity plot of the PIV image 
 
An example of the resulting flame edge produced using this algorithm  can be seen in 
Figure 6.10. This comparison between the intensity plot of the raw PIV field and the 
derived flame front location demonstrates the accuracy and consistency of the 
computational algorithm.  
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6.4.  THE USE OF HIGH SPEED PIV TO MEASURE BURNING 
VELOCITY 
 
In order to measure the burning velocity in the manner proposed in section 6.2.2, a 
number of images are required of the same area within the combustion event. Two images 
are needed of the tracer particles, separated by a time step suitable for velocity 
measurement via cross correlation. An additional image is then required, a certain time 
later, that provides the location to which the flame front has moved. The intervals of time 
between these images is critical for accurate results and is highly dependent upon the 
velocity of the reactant flow and its relationship to the actual burning velocity. Due to the 
short time periods necessary and the need for all of the images to be spatially related to 
each other, it was decided that High Speed PIV (HSPIV) would be trialled as a possible 
technique to gather the data. With this arrangement one PIV image pair would be used to 
provide the first flame location and the velocity data, the following PIV pair would then 
provide the secondary location of the flame front. The time duration between the 
recording of the flame edge recordings would be determined by the repetition rate of the 
system.      
 
 
Figure 6.12 – High Speed PIV timing diagram 
 
6.4.  The Use of High Speed PIV to Measure Burning Velocity 
 185 
When using the HSPIV system there is a trade off between spatial resolution and 
temporal repetition rate. The shorter the time between image sets, the fewer the number 
of pixels that can be used. The best combination found for this work was to run the 
system at a rate 5000 PIV pairs per second at a resolution of 512 by 512 pixels.        
 
Using this setup for the system, a 22.5 by 22.5 mm region was imaged enabling one half 
of the vortex section to be imaged as the flame started to fully interact with the flow 
rotation. Using the first frame of sequential PIV image pairs the flame front location was 
extracted using the algorithm detailed in section 6.3. Figure 6.13 demonstrates an 
example of the resultant flame location data. The images were taken from the 30mm 
straight sided orifice configuration, 16ms after ignition.  
 
Figure 6.13 – Flame front locations extracted from 5kHz PIV images 
 
The overlaid flame front locations reveal that in certain areas the flame is displaced by 
over 2.5mm during the 200µs between PIV image sets; this equates to a displacement 
speed of over 12.5m.s-1. This is a high value considering that the laminar burning velocity 
of stoichiometric methane-air (at atmospheric pressure) is only 0.383m.s-1 (Gu et al. 
2000; Renou et al. 2000). However, if the flow velocity is considered, previously 
measured using HSPIV (see Section 5.3.2), it can be seen that the unburned gas velocity 
near the flame edge generally varies between 5 and 12m.s-1 demonstrating that flow 
advection is the dominant cause of the flame displacement in this case.   
6.4.  The Use of High Speed PIV to Measure Burning Velocity 
 186 
The disparity between the two flame front locations in Figure 6.13, in terms of both 
position and flame shape, indicates that the interval of time between them is high 
compared to the rate of flow evolution; an observation that is supported if we compare the 
flame displacement of 2.5mm with the vortex core diameter of 6mm measured in Section 
5.4. Furthermore, if the flame displacement is related to the velocity data from both image 
pairs it can be seen that there is large change in flow direction at the flame edge due to 
flow curvature as well as flow development (see Figure 6.14). 
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Figure 6.14 –Measurement of flame front displacement and unburned gas flow structure using HSPIV 
 
Therefore, considering the changes in both flow and flame during the 200µs time interval, 
it is clear that significant evolution of the interaction occurs during this time period. Such 
high levels of change, particularly linked to the curvature of the flow, means that burning 
velocity measurements based on a single set of velocity measurements near the flame 
would be inaccurate. To improve the accuracy of the measurement technique the time 
interval between the recordings of the two flame positions needs to be significantly 
reduced. Unfortunately, with the HSPIV equipment, when the repetition rate is increased 
(thus reducing the time interval) the number of pixels that it is possible to use is reduced. 
To reach a satisfactory time interval the pixel resolution is so poor that only a small 
section of the flame can be imaged with sufficient spatial resolution. This compromise 
between temporal and spatial resolution means that, as technology currently stands, 
HSPIV is not a suitable technique for this form of burning velocity measurement. An 
alternative technique to HSPIV, which can provide the short time intervals required, is 
Asynchronous PIV. This technique is the subject of the following section. 
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6.5.  THE USE OF ASYNCHRONOUS PIV TO MEASURE 
BURNING VELOCITY 
 
The concept of Asynchronous PIV (APIV) is that two completely independent PIV 
systems are used to capture sequential velocity fields of the same flow area. The two 
systems utilise separate cameras, lasers, and time control units, the only link between 
them being a multiple signal generator. This signal generator provides the time to, and 
offset between (dP), the velocity measurements allowing accurate temporal 
measurements to be made with the APIV system. This approach means that two 
sequential vector fields can be recorded with any time separation between them without 
issues such as laser power or camera resolution limiting the results.  
 
With the two PIV systems running independently, but also imaging exactly the same 
region, it is possible for the particle images illumined by the laser pulses from one system 
to be seen by the camera of the other system. This can result in multiple exposures 
occurring on a single frame when the time separation dP is small (see Figure 6.15). 
 
  
Figure 6.15 – Timing diagram for Asynchronous PIV operation 
 
This problem is solved by using polarisation of the light in order to separate the two 
systems. The light produced by each of the double pulsed lasers is already polarised at the 
same angle. Providing this light does not pass through any material that might shift the 
polarisation, the light reflected by the particles will predominantly be in this polarisation. 
In order to shift the polarisation of one of the lasers by 90 degrees, the emitted light is 
passed through a quartz half-wave-plate orientated at the correct angle. With the 
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polarisation of each PIV set now at right angles to each other, polarisation filters can be 
placed in front of each camera, orientated to match the polarisation of its matching laser. 
With this arrangement, one PIV set does not pick up the images produced by the other 
and vice verse, allowing total independence.  
 
Figure 6.16 provides a schematic of the experimental arrangement and a photograph of 
the setup used.  
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Figure 6.16 – Schematic and photograph of APIV experimental arrangement 
 
Using this experimental arrangement, two sets of PIV images were recorded with any 
time separation desired. Figure 6.17 demonstrates results recorded using a time separation 
of 100µs between image pairs (dP), the time between the individual images used for the 
velocity calculation (dt) was set to 8µs. As can be seen from these results, the resolution 
of the velocity data is nearly twice that of the HSPIV data while still using the same 32 by 
32 pixel interrogation region with 50% overlap. This increase in resolution is due to the 
fact that APIV can utilise all of the pixels available on the TSI PIV-Cams used (1000 by 
1016 pixels) while the HSPIV system can only utilise half of those available when 
running at 5kHz. It can also seen from Figure 6.17 that the evolution of both the flame 
and the flow is substantially less than those recorded using HSPIV. This reduced level of 
change allows a single set of velocity vectors near to the flame edge to represent flame 
advection more faithfully during the burning velocity measurement.  
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Figure 6.17 – Measurement of flame front displacement and unburned gas flow structure using APIV 
 
The use of ASPIV overcomes the issues of time separation encountered with HSPIV, 
however, additional complexity is incorporated into the system as a result. The two main 
issues that need to be carefully addressed are laser sheet alignment and image alignment. 
Laser sheet alignment becomes a concern as the light emitted from each laser passes 
along a different path, therefore the resultant illumination plane can differ between sets. If 
the sheets are misaligned, the information recorded from each PIV set will not be truly 
comparable, distorting the results. Careful alignment of each laser must be undertaken in 
order that each sheet enters and exits the combustion chamber along exactly the same 
plane, passing through the central axis. Alignment of the image regions is not quite so 
straight forward. In order that burning velocity measurements are accurate, the absolute 
position of the two flame front locations must be known relative to each other. For this to 
happen with the approach described in section 6.3, both cameras must be aligned so that 
each pixel from one camera is exactly aligned with the corresponding pixel from the 
other. This is a situation that is very difficult to achieve considering that both image size 
and position would need to be aligned to within ±10µm for a 20mm region imaged with a 
1000 by 1016 pixel camera. To overcome this problem of alignment, a different image 
sequence is used from that used with the HSPIV. Instead of two image pairs being taken, 
separated by the time period dP, both PIV pairs start at exactly the same time with one 
pair recording the flow velocity (with a time separation of dt) and the other set recording 
the flame displacement (with a time separation of dP). 
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Figure 6.18 –Revised timing diagram of Asynchronous PIV timing operation 
 
With this timing arrangement the flame displacement can be accurately monitored using 
the images recorded on set 2 with no problems associated with alignment. The velocity of 
the flow surrounding the flame is calculated from the images of set 1 and relates directly 
to the flame edge recorded on set 2. The two image sets still need to be accurately aligned 
but as the velocity is based upon an average displacement over a region (typically 32 by 
32 pixels for FFT cross-correlation - see section 3.3.5), the tolerances required are 
significantly reduced.  The disadvantage of this timing arrangement is that only one 
velocity plot, associated with the first flame edge, is produced. However, due to the short 
period of time between flame edge locations, this single data set provides sufficient 
information for the local burning velocity to be measured (see Figure 6.19).  
 
Figure 6.19 - Relationship between flame front displacement and unburned gas flow structure using APIV 
255µs 33ms
Camera Exposure
Laser Pulses
Camera Exposure
Laser Pulses
SET 1 – Vertical Polarisation
SET 2 – Horizontal Polarisation
dP
dt
X mm
0 5 10 150
5
10
15
Vel Mag
14
12
10
8
6
4
2
0
m.s-1
6.6.  The Measurement of Flame Advection 
 191 
6.6.  THE MEASUREMENT OF FLAME ADVECTION  
 
In order to ascertain the velocity at which the flame front is advected, the velocity of the 
gas in the region close to the flame needs to be measured. As previously mentioned, this 
measurement is to be conducted using cross-correlation of the particle images produced 
from Set 1 of the Asynchronous PIV. Due to the oil seeding used, which is necessary for 
the identification of the flame front location, only the velocity of the unburned reactants 
can be measured. However, as long as this velocity is measured in close proximity to the 
flame, the results will still quantify the magnitude and direction of the flame advection. 
 
It was found that commercially available PIV analysis software was not able to provide 
the level of proximity to the flame edge required due to the regularised grid in which 
these packages place the interrogation regions. Also, the cross-correlation routines 
incorporated within these commercial programs are not as accurate as some others that 
have been developed in recent years due to the perceived importance of computational 
speed. Therefore, a bespoke program was developed by the author, that could provide 
measurements close to the flame front via Adaptive Grid Positioning (AGP) as well as 
incorporate more accurate cross-correlation algorithms, such as Normalised Signal 
Strength (NSS) cross-correlation, for flow velocity measurement.  
 
6.6.1. Adaptive Grid Positioning of the Interrogation Regions 
 
The majority of commercial PIV analysis programs operate by calculating the flow 
velocity across an image by using interrogation regions that are spaced according to a 
regular grid; the level of overlap in the interrogation regions determines the grid density. 
This approach is highly useful when analysing the flow pattern across an entire field, such 
as in section 5.3. , but does not enable velocity calculation along a particular line in the 
image, such as a flame front. Therefore a computer program was developed that could 
analyse the PIV image pairs using interrogation regions that automatically adapted their 
position to match the flame edge. 
 
The first stage of this program was to identify the position of the flame front; this was 
done using the process outlined in Section 6.3. The coordinate positions of this flame 
edge were then used to produce points along the flame at regular intervals. These interval 
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points were used to position the interrogation region centres, thus providing flow 
measurement close to the flame front location.  
 
Figure 6.20 – Schematic of adaptive grid approach to interrogation region position 
 
From the PIV data already recorded (see Figure 6.19) it can be seen that the velocity 
gradients in the direction normal to the flame front are generally greater than those 
running tangential to it. Therefore, in order to acquire the flow velocity that is present at 
the flame edge, uninfluenced by the flow further out, it would be beneficial to operate 
with an interrogation region size that is longer in the direction tangential to the flame 
edge and shorter in the normal direction. However, such region by region adjustment 
would  add considerable complexity and computational time to the analysis process. 
Instead, by taking a point on the flame edge as the centre of the interrogation region, the 
signal that contributes to the cross-correlation is naturally located along a strip close to 
the flame reducing the impact of the flow velocity that is further out form the flame (see 
Figure 6.21). The signal level present in the burned region of the interrogation region is 
very low compared with the signal in the unburned region so its contribution to the 
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overall noise level is very small. Additionally, the variation in signal strength across each 
interrogation region, which could skew the correlation plane and incorporate error into 
the results, is taken care of by utilising normalised signal strength (NSS) cross-
correlation; more information on the use of this algorithm for velocity measurement is 
presented in section 6.6.2.    
 
 
Figure 6.21 – Area of signal contributing to velocity measurement within an interrogation region 
 
Use of interrogation regions that contain signal in specific regions essentially creates a 
non-uniform region shape, elongating the region over which the cross-correlation is 
performed. This altering of the region aspect ratio could add a very small directional bias 
to the correlation peak in the direction of greatest signal content . However this possible 
bias would be small because of: 
 
a) The use of NSS to correct noise floor variations across the correlation map 
b) The use of a larger 2nd interrogation on the second frame to maintain matched 
signal content across cross-correlated regions 
 
Any small loss in accuracy brought about by possible directional bias is outweighed by 
the advantage of using non-square signal regions. Theses advantages are two-fold: 
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Firstly, the reduction of interrogation region size across the direction of highest velocity 
gradient significantly improves the accuracy of the correlation result. High velocity 
gradients are known to directly reduce velocity measurement accuracy and it has been 
shown that using interrogation region deformation can improve the robustness and 
precision of velocity measurements (Scarano and Riethmuller 2000) 
 
Secondly, moving the spatial area used in the velocity measurement, closer to the position 
of the flame front reduces the impact of flow movement that does not directly interact 
with the flame on the results. This feature improves the accuracy of the flame advection 
process.  
 
6.6.2. Normalised Signal Strength Cross-correlation 
 
As has been discussed previously in section 3.3.5, most commercial PIV analysis 
programs predominantly rely on FFT cross-correlation to determine the displacement of 
the particles within an interrogation region. Although fast, this algorithm has been shown 
to produce significant RMS and mean bias errors (see section 3.3.6 for definitions), 
especially in regions of sub-pixel displacement and high velocity gradients (see Figure 
6.22 and Figure 6.23). It has been shown that the normalisation by signal strength routine, 
introduced in section 3.3.5, provides a considerable improvement in measurement 
accuracy in comparison to FFT. Therefore, due to the high level of precision required of 
the velocity measurements used to calculate burning velocity, NSS was utilised for this 
part of the work.  
 
 
Figure 6.22 – Comparative accuracy of FFT and NSS cross-correlation techniques taken from Anandarajah, 
Hargrave et. al.(2006) 
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Figure 6.23 – Error associated with velocity gradients across a 32 pixel interrogation region for both FFT and 
NSS  correlation routines, taken from Anandarajah, et. al. (2004) 
 
The reason for the improvements in accuracy detailed in Figure 6.22 and Figure 6.23 lies 
in the ability of the NSS routine to account for variations in signal due to seeding density, 
spatial positioning, particle displacement and illumination when calculating the 
correlation coefficients. This adjustment of the signal level results in a uniformly low 
noise floor upon which the correlation peak is located. Therefore, the correlation peak is 
less likely to be skewed during the peak fitting algorithm used to establish the sub-pixel 
displacement. This ability to cope with varying signal levels within an interrogation 
region makes NSS ideal for assessing the velocity of the fluid flow close to the flame 
edge; other routines would result in skewed correlation peaks due to the consumption of 
varying amounts of the seeding in each interrogation region. Additionally, the noise 
introduced by partial particle images appearing at the edge of an interrogation region is 
also reduced by the use of NSS.  
 
From Figure 6.22 it can be seen that the FFT routine drastically increases in both RMS 
and mean bias error as the displacement increases above 6 pixels. This increase in error is 
brought about by the need  of the FFT routine to ‘wrap’ the signal into an infinite loop, a 
process that introduces discontinuities in the signal and thus greater noise at the higher 
levels of displacement. At the same time, the signal levels reduce at these high 
displacements resulting in a low signal to noise ratio. However, NSS retains its low error 
well beyond this point, demonstrating a vast improvement in dynamic range, a result of 
its high signal to noise ratio throughout the correlation plane. This increase in range is 
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particularly advantageous for the application of flame vortex interaction where the flow 
velocity can vary in size by an order of magnitude.       
 
Another advantage of NSS over FFT is its greater accuracy when dealing with high 
velocity gradients that occur across an interrogation region. The reason for this 
improvement is two-fold: Firstly, as Figure 6.23 demonstrates, the NSS routine is 
inherently more accurate in terms of RMS error when high velocity gradients occur. This 
improvement is due to the compensation that NSS includes for seeding density variation, 
without this the signal peak is more susceptible to ‘splintering’ into multiple maxima. 
Secondly, as the accuracy for a given interrogation region size is improved with NSS, as 
well as the dynamic range being increased, the interrogation region size can be reduced 
while still maintaining the accuracy of the results. This means that the possible range in 
velocity gradient within each region is reduced. As NSS is calculated in the spatial 
domain and not the frequency domain as is FFT, the size of the interrogation region is 
freely variable and not limited to the power of base 2.   
 
Therefore, in summary, NSS provides the following advantages over FFT for this work: 
 
• Improved accuracy for a given region size. 
• Greater dynamic range 
• Improved accuracy when dealing with high velocity gradients 
• Smaller interrogation region sizes (variable away from power to the base 2)   
• An ability to cope with high variation in signal caused by consumption of the 
seeding particle by the flame front.  
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6.7.  THE FINAL MEASUREMENT OF BURNING VELOCITY 
 
The technique for measuring burning velocity proposed in this work separates the 
displacement of the flame front into two components, advection and propagation. The 
previous sections have dealt with identifying the location of the flame front at two at two 
points in time and how measurement of the flow velocity close to the first flame front, 
which dictates the flame advection, was achieved. Using this information it is now 
possible to calculate the displacement of the flame front due to the flame propagation and 
thus determine the local burning velocity.   
 
The first flame front (Flame A) is advected using the flow velocity calculated at intervals 
of 5 pixels between centres along the flame edge. The size of the interrogation regions 
used were 25 by 25 pixels for the first PIV frame and 35 by 35 pixels for the second 
frame; the larger second fame region size helps maintain strong signal levels at higher 
flow displacements. This advection process moves flame A the distance it would travel if 
it were ‘frozen’ and carried at the flow velocity over time period dP, forming a theoretical 
flame edge A’. 
 
 
 
Figure 6.24 – Calculation of local burning velocity 
 
The distance between the theoretical flame edge (A’) and the second recorded flame edge 
(B) corresponds to the local burning velocity. This distance is measured normal to the 
theoretical flame edge. 
 
 
6.8.  Example Burning Velocity Results 
 198 
6.8.  EXAMPLE BURNING VELOCITY RESULTS 
 
Figure 6.25 contains the local burning velocity data acquired using the techniques 
described in the previous sections. This example was taken from a flame vortex 
interaction generated using the 30mm straight sided orifice. The data was captured 
16.3ms after ignition, the time between laser pulses for the velocity measurement (dt) was 
10µs and the time between laser pulses for the flame displacement measurement (dP) was 
100µs. 
 
 
 
Figure 6.25 – Local burning velocity mapped onto initial flame profile. 
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6.9.  DISCUSSION OF PRELIMINARY DATA 
 
The data shown in Figure 6.25 oscillates at high frequency, a situation that is likely to be 
a result of errors within the measurements and not sudden variations in the actual burning 
velocity. In particular, the identification of the flame front positions to the nearest integer 
pixel will induce sudden step changes in the final measurement of burning velocity (see 
section 6.10.1). In order to reduce this error driven oscillation, a 60 point moving average 
filter has been applied to the data, as shown in Figure 6.27, an average that corresponds to 
1mm in flame length.  
 
Figure 6.26 – Flame region identification 
 
Figure 6.27 – Average filtered velocity data 
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The data demonstrates that there is a large difference in the burning velocity between the 
region of the flame front that interacts with the vortex (region D) and the regions 
on the outer edge of the flame away from the flow rotation (regions A, B, and C). 
After the 1mm moving average has been applied the burning velocity along the 
outer edge of the interaction (regions A and B) is shown to be between 0.55 m.s-1 
and 1m.s-1. These values are higher than the unstretched laminar burning velocity 
of stoichiometric methane-air, which has been previously shown to be much 
lower; 0.38 m.s-1 by Andrews and Bradley (1972a), 0.368 m.s-1 by Gu et el. 
(2000) and 0.3515 m.s-1 by Tahtouh (2009). However, the flame front does 
experience significant curvature and stretch which may account for this increase. 
The recorded measurements indicate a few points along the leading tip of the 
flame front that demonstrate a negative burning velocity. These data points are 
likely to be erroneous for two reasons: Firstly, considering the highly stable and 
continuous nature of the flame front, it is highly unlikely that sufficient unburned 
reactants would be present on the burned side of the flame necessary for a 
negative burn. Secondly, highly positive values of burning velocity are recorded 
in close proximity to the negative readings, a situation that is implausible for such 
a smooth and steady flame front progression. Averaging the velocity data over 
1mm flame lengths produces a significantly more feasible trend, providing the 
general response of a single small section of flame front. The high burning 
velocity data around the inside edge of the flame vortex interaction corresponds 
with the observations made in section 5.2.10, where a fast consumption of the 
vortex core was noted for the case of the 30mm orifice.  A more detailed 
discussion of the burning velocity results is made in chapter 7.   
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6.10.  ERROR ANALYSIS 
 
The errors present within the calculation of burning velocity can be divided into two 
distinct categories: 
 
• Errors present within the measurement techniques 
• Errors that occur due to inadequate measurement of the interaction process 
 
The first set of errors, those associated with the accuracy of the measurement techniques, 
are relatively easy to quantify as previous studies can be drawn upon to establish their 
level of accuracy. However, those errors that are present due to insufficient measurement 
of the processes involved, such as flow curvature and acceleration, are much more 
difficult to quantify due to their temporal nature.  Nevertheless, both sets of errors will be 
addressed in this section in order to assess the accuracy of the results presented. 
 
6.10.1. Errors present within the measurement techniques 
 
The technique for measuring the local burning velocity detailed within this chapter 
operates by recording the displacement of the flame front over a known time period. The 
inaccuracies that occur within this process are therefore linked to how precisely those 
positions can be ascertained in both time and space. The position of the flame fronts 
recorded using Set 2 of  the APIV system can only be measured to the nearest pixel 
location due to the analysis routine used and digital nature of the recording, it is therefore 
dependent on the image area and camera resolution. For the case of the example data 
shown in section 6.8 the image size was 17mm square, recorded using a TSI PIVCam 
which had a resolution of 1000 by 1016 pixels. As a result, the flame leading ege of the 
flame position, recorded at the isotherm where the oil particles are vapourised, can only 
be determined to within a tolerance of ±8.5µm. The curvature of the flame perpendicular 
to the laser sheet will also induce a bias in flame position, as discussed in section 6.3., a 
bias that varies depending on the location of the flame relative the centre line of the 
orifice. However, as both instances of flame front identification suffer from the same bias 
and the displacement of the flame between images is small, its affect on flame velocity 
measurement is very small, 1µm in the worst case. As a result both flame edge locations 
can only be determined to within an accuracy of ±9.5µm. 
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The location of the theoretical flame front (A’) is calculated relative to the first flame 
edge (A) by displacing the edge according to the velocity calculated using Set 1 of the 
APIV system. The accuracy of this velocity calculation is therefore critical to the correct 
positioning of the theoretical flame edge. The velocity of the flow measured around the 
flame edge in the example shown varies between 4 and 13m.s-1, which corresponds to a 
particle displacement of between 2.35 and 7.6 pixels during the 10µs between laser pulses 
used for the velocity measurement.  For this range of displacements Anandarajah et. al. 
(2004; 2006) have shown that NSS can provide an RMS error of well below 2% for an 
interrogation region size of 32 by 32 pixels. However, due to the small size of the signal 
area involved in this work, in conjunction with the velocity gradients present, this 
uncertainty will be greater than the ideal, increasing the error to the maximum of this 
±2% range. Figure 6.28 demonstrates the possible variation in the measured velocity 
associated with the example in section 6.8. 
   
 
Figure 6.28 – Flow velocity magnitude at the flame edge and the associated error limits 
 
This level of uncertainty in the velocity measurement affects the displacement of the 
flame edge. The variability of the theoretical flame position is therefore a sum of the 
variability of the initial flame edge position and the variability of the displacement due to 
6.10.  Error Analysis 
 203 
advection. The accuracy involved in the laser pulse timing is also a variable that will 
affect the final accuracy of the burning velocity measurement. However, the variability 
involved in the timing used for the velocity measurement is included in the ±2% quoted 
for NSS correlation and the error present in the 100µs interval used in the flame 
displacement measurement has an error of less than 0.1%. The final measure of the 
burning velocity is based upon the distance between the theoretical flame edge position 
and the second recording of the actual flame position. This error is therefore a 
combination of the error in the first flame position, the error in the displacement due to 
the velocity measurement and the accuracy of the second flame position. The total error 
in the burning velocity calculation due to inaccuracies present within the measurement 
techniques is shown in Figure 6.29.   
 
 
 
Figure 6.29 – Error present within the burning velocity calculation due to measurement inaccuracies 
 
This demonstrates that, although the error present within the measurement of the 
influential parameters is quite high, the trend in burning velocity deduced is not effected. 
A discussion of how these errors could be lowered is presented in section 6.10.3. 
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6.10.2. Errors present due to inadequate measurement 
 
The second category of errors that are present within the measurement of burning velocity 
concerns those aspects of the interaction that are not adequately measured by the 
technique. These aspects have their basis in the fact that a continuously evolving temporal 
event is being quantified using measurement techniques that have a discrete time basis. 
The resultant ‘before and after’ style of measurement means that the first data set (the 
‘before’ measurement) must contain sufficient information concerning what happens in 
the interim for a meaningful comparison with the second data set to be made. The easiest 
method of ensuring the accuracy of this discretised measurement is to minimise the time 
period between the measurement points and thus reduce the evolution of the interaction 
that can take place. However this approach has its limits for applications such as burning 
velocity measurement. This limit occurs because, by reducing the time period available 
for the interaction to occur, the actual variation in the quantity that is to be measured is 
reduced. Reduce the variation too far and it can sink below the accuracy to which the 
variable can be determined.   
 
The prime source of the evolution that occurs within the variables used to calculate 
burning velocity is the change in flow velocity. As the flow velocity at each point along 
the flame front is only recorded as a single vector it contains no information regarding the 
flow curvature or the acceleration/deceleration present. As a result, the accuracy of this 
technique hinges on how adequately this single measurement of velocity represents what 
the flame front experiences during the measurement period. 
 
6.10.2.1 Acceleration and deceleration of the flow 
 
Acceleration or deceleration of the flow in which the flame front is travelling will have an 
impact upon the advection of the flame front over a given time period. However, with the 
altered APIV timing arrangement proposed in this work only a single measurement of 
velocity is recorded; as a result any acceleration or deceleration of the flow is not 
accounted for. It is therefore important that the change in velocity over the dP time period 
is assessed in order to establish it impact upon the advection process and thus the error it 
induces. An assessment of the change in velocity at the flame edge can be made by using 
APIV in its conventional timing arrangement. This will allow velocity measurements to 
be made before and after the 100µs advection period. 
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Figure 6.30 demonstrates the relationship between the velocity magnitude of the flow 
around the flame edge before and after the advection period. It can be seen from this data 
that the velocity magnitude does not alter that much along the majority of the flame edge, 
certainly a good portion of it can be attributed to the ±2% accuracy with which the 
velocity data is recorded. There is a slight discrepancy between the two plots of velocity 
in terms of position along the flame edge, this is brought about by the increase in flame 
length during the 100µs period. However, there are regions along the flame where a 
noticeable deceleration in flow velocity occurs; the greatest of these taking place at 
around 0.02m along the flame edge where a reduction in speed of around 0.6m.s-1 occurs, 
which corresponds to a deceleration of 6000m.s-2.   
 
 
 
Figure 6.30 – Velocity measurements around a flame edge before and after a 100µs advection period 
 
As figure 6.31 shows, this region of greatest deceleration occurs in the central region of 
interaction between the vortex and the flame, a region where the burning velocity has 
been measured to be significantly higher than other regions of the flame. Assuming that 
the deceleration is linear in nature, the true advection of the flow is dependent upon the 
average of the first and second velocity measurements. Therefore the advection velocity 
in this region will be 0.3m.s-1 slower than calculated.    
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Figure 6.31 – Flow velocity along the edge of a flame front before and after the 100µs advection period 
 
The flow of the reactants in this region of the flame vortex interaction has a direction that 
is towards the flame front, i.e. the flame is burning in the opposite direction to the fluid 
flow. This means that any overestimation of the flow advection velocity will result in a 
corresponding overestimation of the burning velocity in this region.  
 
Therefore, we can conclude that in the worst case there could be an overestimation of the 
burning velocity in the central region of the flame-vortex interaction of up to 0.3m.s-1. 
Although this error is quite high in comparison to the peak burning velocity of 4.5m.s-1 
recorded in the previous example, it does not affect the general trend of the results.  
 
6.10.2.2 Flow curvature 
 
In the same way that acceleration of the flow could affect the advection process, flow 
curvature could influence the position of the theoretical flame displacement. Therefore 
the degree of curvature that occurs during the 100µs period, and its consequent impact 
upon burning velocity measurement, needs to be ascertained. Using the same data gained 
from the original APIV timing setup as used for the acceleration investigation, the change 
in velocity direction can be investigated. Figure 6.32 shows the angle of the velocity 
vectors around the flame edge relative to the x-axis, before and after the 100µs period, 
demonstrating the change in direction due to flow curvature. The degree of change is 
6.10.  Error Analysis 
 207 
further quantified in Figure 6.33 where flow direction is compared at each matching point 
along the flame edge.  
 
Figure 6.32 – Reactant flow direction along a flame front, before and after the 100µs advection period 
 
Figure 6.33 – Reactant flow direction before and after the 100µs advection period 
 
These figure show that, for the majority of the flame edge, the flow direction changes 
very little during the small 100µs time period, indicating that flow curvature has little 
effect. The region of maximum change in flow angle occurs at the point where the 
leading edge of the flame interacts with the vortex; at this point an increase of around 6 
degrees occurs. It is to be expected that curvature will have greatest influence in this 
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region because the flow interacting with the flame has both a high velocity (see Figure 
6.19) and is in close proximity to the vortex rotation. Unfortunately this region of high 
flow curvature coincides with the region of the vortex where the flow runs almost parallel 
to the flame edge. This means that at this point the flow curvature will have maximum 
influence upon the burning velocity measurement (as shown in Figure 6.34).    
 
 
Figure 6.34 – The affect of flow curvature of advected flame position 
 
Although a comparison between the flow angle recorded at matching points along the two 
flame edges is useful information, it is not the true change in direction caused by flow 
curvature. It is not true because the velocity vector recorded at the second flame edge 
actually exists on a separate flow line to the first, the two vectors only being linked by the 
fact that the flame burns across the direction of flow. However, what can be drawn from 
this data is that the change in flow direction due to curvature will be less that the 6 
degrees offset recorded.  
 
Taking the 6 degrees change as the maximum shift in angle, a ‘worst case’ scenario can 
be calculated. The velocity of the flow in this region of the interaction is 10.8m.s-1 which 
corresponds to a displacement of 1.08mm during the 100µs period. For a total change of 6 
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degrees over the 100µs period, an equivalent vector taking into account the shift would be 
3 degrees different from the original vector, in the worst case. This 3 degrees shift, if 
occurring parallel to the second flame front as in Figure 6.34, will induce a reduction in 
the distance between the advected flame position and the second flame front by 52µm. 
This reduction in distance will reduce the measured burning velocity by 0.52m.s-1. This 
figure is produced from a significant overestimation of the errors involved and only 
relates to a localised region of the interaction, a region where the highest burning 
velocities have been calculated.    
 
6.10.2.3  Evaporation and combustion of the seeding particles 
 
The boiling point of the olive oil seeding particles used in this work is relatively low in 
comparison to the peak combustion temperatures present, just 570K compared to flame 
temperatures around 2000 K for stoichiometric methane and air at atmospheric pressure. 
Therefore, according to the temperature profiles produced by Gillespie et al. (2000), the 
particles start to evaporate at a distance of approximately 0.2 mm from the point of heat 
release in the flame front. The exact isotherm at which the particle will completely vanish 
will be dependant on the preheating process, due to radiation and conduction, which in 
turn will depend on how the particles approach the position of the flame front in terms of 
direction relative to the flame front and velocity. However, in terms of measuring the 
displacement of the flame front, the location at which particles vanish from the image, in 
terms of both isotherm and distance from the flame front, does not present a problem to 
the accuracy of the technique due to the short time periods used, just 80 µs. Over this time 
period the angle of interception or velocity of the particles does not significantly change 
(see sections 6.10.2.1 and 6.10.2.2), therefore, the loss of the tracer particles will occur at 
the same position, relative to the flame, for both measurement points. This continuity in 
the process maintains the accuracy of flame displacement. What is effected by the 
disappearance of the oil particles so far from the inner reaction zone of the flame, is the 
measurement of the flow velocity of the unburned gas and thus a true measurement of the 
conditions experienced by the flame front. Given the size of the interrogation region used 
for the PIV, around 0.3mm, this displacement of the measurement region from the 
position of the inner reaction zone is significant. As future work, a comparative study 
with solid seeding tracer particles and oil particles should be undertaken. 
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6.10.3. Error Summary 
 
The previous sections have shown that there exists a number of errors within the 
proposed method of burning velocity measurement linked to both the accuracy of the 
measurement techniques and the necessary discretisation of the measurements 
themselves. Of most concern are the errors due to the acceleration and curvature of the 
flow, aspects whose influence can be estimated but not truly quantified with the data 
available. However, the estimations used thus far represent the worst case scenarios and 
thus appreciably denote the limitations of the algorithm developed.     
 
 
Figure 6.35 – Locations of maximum error due to deceleration and curvature 
 
Although these errors a high in comparison to the measured values their localised nature 
mean that the overall trend provided by this method of burning velocity measurement is 
not compromised.  
 
The errors produced due the evolution of the flow during the advection time period scale 
directly with the duration of the period used. If a shorter time period is used between the 
measured flame positions then less evolution of the flow can occur during that time, thus 
reducing the possible deviation from the measured flow velocity. However, reduction of 
this time would decrease the ratio between the advection distance and error involved in 
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the flame edge location increasing the total error. Therefore any reduction in advection 
period would have be accompanied with an increase in image spatial resolution.  
 
One method that would drastically reduce the errors due to curvature and 
acceleration/deceleration would be to use velocity data gathered using three-image PIV. 
Using three images instead of the standard two would allow for flow curvature and 
acceleration to be measured and accounted for in the advection process. However, all 
three images would have to be completely aligned, necessitating the use of the same 
camera. Such a camera, that could provide 3 images with the resolution and time 
separation required, was not available at the time of this work.    
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6.11.  CONCLUSION 
 
At the start of this chapter the complexities involved in trying to measure a true value of 
local burning velocity were examined. From this assessment it was identified that current 
methods of measuring this quantity face severe limitations when applied to flames 
interacting with highly rotational flows. As a result, this chapter has focused upon the 
development of a new technique that can measure local burning velocity during an 
interaction with a flow containing high rotation. The technique produced centres around 
separating the two affects of flame movement, advection (translation due to the 
movement of the surrounding flow) and propagation (translation due to consumption of 
the reactants). To quantify both of these factors an adaptation of the asynchronous PIV 
technique was developed that could simultaneously measure flame front displacement 
and unburned gas velocity.  
 
To analyse the data produced from the asynchronous PIV a computational algorithm has 
been developed that can read in the raw images, identify the flame edge locations, 
ascertain the flow velocity around the flame edge, and thus deduce the flame movement 
due to both advection and propagation. The program produced incorporates adaptive grid 
positioning of the interrogation regions in conjunction with normalised signal strength 
cross-correlation in order to measure the flow velocity around the flame edge as 
accurately as possible.      
 
Application of this new burning velocity measurement technique, and its subsequent 
analysis in this chapter, has provided an understanding of the errors involved in assessing 
the flame response in this manner, highlighting the methods dependence on careful 
selection of image timing and assessment area. It has been identified that the there is a 
bias towards overestimation of burning velocity in the presence of high flow curvature 
and flow deceleration (a maximum of 0.52m.s-1 and 0.3m.s-1 respectively in the worst 
affected areas). However, these inaccuracies have been shown not to affect the general 
trend of the results produced.       
 
Initial analysis of the data produced from the local burning velocity measurement has 
shown that where the flame front is exposed to the rotating flow of a vortex, the burning 
velocity is significantly enhanced. The affect of specific flow characteristics on the local 
burning velocity will be investigated further in the following chapter.  
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7.1.  INTRODUCTION 
 
Chapter 6 described the development of a new technique for the quantification of local 
burning velocity in the presence of rotating flow structures. Having shown the 
effectiveness of this technique, a study can now be carried out into the evolution of a 
propagating flame-front, investigating the impact of local flow structure on the 
combustion reaction. Within this chapter the interaction between a toroidal vortex 
produced by the 30mm straight sided orifice introduced in chapter 5 is investigated for 
the case of a flame propagating through a stoichiometric mixture of methane and air. The 
flame burning velocity is measured for a number of combustion events, each at a different 
time period after ignition. Due to the repeatability of the interaction, the temporal 
evolution of the event can be pieced together giving insight into the development of the 
interaction. From this work a comparison is then made between the burning velocity 
induced in the flame and the movement of local fluid flow recorded as part of the 
technique. The purpose of this comparison is to investigate the underlying physical 
processes involved in burning velocity enhancement. Leading on from this study of the 
stoichiometric condition, lean and rich mixtures are also investigated, examining the 
affect of reactant composition on the induced reaction rate.     
 
 
7.2.  REVISION OF ERROR 
 
In chapter 6 a rigorous evaluation of the error contained within the flame advection 
technique was carried out, demonstrating the importance of the spatial and temporal 
settings used in the image acquisition process. From this work it is clear that the overall 
error could be reduced by increasing the spatial resolution of the image, which in turn 
would enable a reduction in the time separations used for the flow velocity and flame 
displacement measurements.  However, due to the limitations of the equipment, the only 
available method of increasing the spatial resolution of the image involves reducing the 
overall size of the image area. How far this approach can be taken is limited by two 
factors, the available magnification of the imaging configuration and the size of the 
interaction under examination. As a result of this, the data presented in this chapter is 
based upon an image area of 13 by 13mm (reduced from the 17 by 17mm area used 
previously), which is the minimum possible for the lens configuration. This increase in 
spatial resolution means that the time separations can also be reduced to 6µs for the flow 
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velocity measurement and 80µs for the flame displacement (for the same conditions as 
the example in chapter 6). In light of these changes, the error values can be recalculated. 
 
In terms of errors within the measurement data, the pixelation error induces a variation of  
±6.5 µm for the 13 by 13 mm case, a reduction of 2 µm from the 17 by 17 mm case. 
However, the uncertainty due to the curvature of the flame edge perpendicular to the laser 
sheet remains the same; 1µm in the worst case. Therefore the error in pinpointing the 
location of each flame front becomes ±7.5 µm. The accuracy of the velocity measurement 
remains at less than 2% so that, for the final burning velocity calculated, there will be an 
included error of 2% of the local advection velocity.  Therefore, if the local flow velocity 
reaches 12 m.s-1 the total uncertainty in burning velocity due to measurement error could 
reach ±0.43 m.s-1, however at lower flow velocities such as 6 m.s-1 this error would 
become ±0.3 m.s-1 in the worst case.  
 
In reducing the time period over which the advection process is calculated the affects of 
deceleration and curvature are also reduced. If the maximum deceleration recorded in 
section 6 is considered, that of -6000 m.s-2, in conjunction with the peak flow velocity of 
12 m.s-1, then there will be an underestimation of the advection distance by 19.2 µm. This 
in turn would cause an overestimation in the local burning velocity of 0.24 m.s-1, a 
significant reduction from the 0.3 m.s-1 estimated for the 17 by 17 mm case. The reduced 
advection time has a proportional reduction in the overestimation in burning velocity due 
to curvature. In the example given in chapter 6 the flow was seen to change by an angle 
by 3 degrees over the 100 µs period. This rate of change in flow direction would result in 
a 2.4 degree change over the 80 µs period used in this chapter; a situation which in turn 
would result in an overestimation of 0.45 ms-1 in the burning velocity. Again, this is an 
improvement on the 0.52 m.s-1 found in the 17 by 17 mm case. 
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7.3.  BURNING VELOCITY MEASUREMENTS FROM THE 
COMBUSTION OF METHANE AND AIR 
 
In this section of work, the developed burning velocity measurement technique is applied 
to the interaction between a toroidal vortex and a propagating flame front at different 
points in time during the combustion event. Three different air-fuel ratios are 
investigated, stoichiometric, lean and rich, with equivalence ratios of 1, 0.8 and 1.2 
respectively. The intention of this work is to investigate the affect of flow rotation on the 
developing flame front; additionally, the aim is to examine the influence that 
stoichiometry may have on the interaction. All of the data gathered in this section of work 
was generated using the 30 mm straight sided orifice introduced in section 5.1.6. The 
measurement region is 13 mm by 13 mm, positioned with the centre 18mm from the base 
of the main chamber and 25 mm from the orifice axis as shown in Figure 7.1 .  
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Figure 7.1 – Schematic of burning velocity measurement location 
 
The groups of data presented demonstrate the temporal evolution of the interaction. 
However, each data set is captured from a separate combustion event, with each one 
recorded at a different time after ignition. Subsequently, these sets have then been placed 
together in series so that an insight into the flame-vortex interaction might be gained.  
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7.3.1.  The combustion of stoichiometric methane and air 
 
As part of chapter 5, the flame-vortex interaction was investigated for the case of the 
30mm straight sided orifice.  This initial analysis was conducted using both laser sheet 
flow visualisation and high speed PIV to order to assess the nature of the interaction. In 
this work the development of the vortex was examined, demonstrating its close 
approximation to the Rankine model; i.e. a forced rotational vortex core surrounded by an 
irrotational couette type flow structure. Furthermore, the results from chapter 5 
demonstrate how the flame front is initially drawn around the vortex structure before the 
flame can propagate through the core. In this chapter, these complex mechanisms are 
investigated in more detail using higher spatial resolution PIV and local burning velocity 
measurement. Table 7.1 contains the settings used for the recording of this data. 
 
Time between images for flow velocity measurement (dt) 6μs 
Time between images for flame displacement measurement (dP) 80μs 
Image region size 13 by 13 mm 
Image Resolution 1000 by 1016 pixels 
Lens Nikkor 105mm macro 
Focal length to aperture ratio (F#) 8 
Diffraction limited particle image size 2.8 pixels 
 
Table 7.1 – Image acquisition settings for stoichiometric burning velocity measurements 
 
Figure 7.2 displays the unburned reactant flow fields recorded as part of the burning 
velocity measurement process. This data has been assembled to form a time series of the 
interaction progression with 250 µs time intervals. Included in the vector fields are stream 
lines, which have been plotted using the Tecplot graphical display program, depicting 
contours of continuous flow motion. This figure shows how the flame front is initially led 
by a band of high velocity unburned charge, a band that is generated by the reactants 
being pushed through the orifice (image a) ahead of the flame front. The toroidal vortex is 
formed by a rolling up of the shear layer produced by the rapidly moving jet entering the 
main chamber and can be seen (images c to e) to demonstrate a Rankine structure (see 
section 5.4) The flame front is not only drawn around the vortex, it also starts to 
propagate across the flow lines towards the centre. As the flame continues to propagate 
through the vortex, an apparent differential in flame velocity causes a bulge to form 
(starting in image e) with a cusp developing below it as a consequence.  Following on 
from the overview of figure 7.2, the data from each time step is analysed more closely, 
including local burning velocity results. 
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Figure 7.2 – Overview of the flame position and flow field associated with each burning velocity 
measurement with overlaid flow stream lines –  Stoichiometric condition.  
a) 15.25ms b) 15.50ms
c) 15.75ms d) 16.00ms
e) 16.25ms f) 16.50ms
g) 16.75ms h) 17.00ms
m.s-1
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 Stoichiometric condition, 15.25 ms after ignition 
 
At 15.25 ms after ignition the two dimensional velocity field shown in figure 7.3 depicts 
the flame front starting to interact with the developing vortex entering from the bottom of 
the frame. In this field, a band of high velocity flow (>11 m.s-1) can be seen to extend 
from the tip of the flame front, wrapping around the vortex core in a clockwise direction. 
This band of high velocity flow is produced by the roll-up of the shear layer induced by 
the jet of unburned reactants that have been pushed through the orifice ahead of the 
flame. The leading edge of the rolled-up shear layer can be clearly identified just below 
the propagating flame, narrowly separated from the rapidly moving flow that exists along 
the lower edge of the flame front (>15 m.s-1).  The magnitude of the flow velocity at the 
flame edge is shown in figure 7.4. 
 
Figure 7.3 – Velocity vector field of the flame-vortex interaction 15.25ms after ignition.  
Stoichiometric methane and air 
 
m.s-1 
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Figure 7.4 – Flow velocity magnitude at the flame edge 15.25 ms after ignition, Stoichiometric mixture 
 
The results from the local burning velocity measurement (shown in figures 7.5 and 7,6) 
demonstrate that, even at this early stage of the flame-vortex interaction, the burning 
velocity has been substantially increased where the flame starts to interact with the 
rotating flow.  
 
Figure 7.5 – Advected flame position and resultant burning velocity measurement 15.25 ms after ignition. 
Stoichiometric methane and air 
 
Figure 7.6 – Local burning velocity 15.25 ms after ignition. Stoichiometric methane and air 
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Stoichiometric condition, 15.50 ms after ignition 
 
At 15.50 ms after ignition the centre of the vortex has moved into the measurement field 
and its Rankine nature can now be clearly seen (see figure 7.7). The flame front has 
continued to be drawn around the vortex core, increasing the length of flame front 
directly in contact with the flow rotation. The reactant flow adjacent to the flame front is 
slower than in the previous time step (see figure 7.8), indicating a deceleration in the 
main flow as it expands out into the main chamber and drives the recirculation. The 
region of fastest moving flow is at the flame tip where the flame is propagating in the 
same direction as the reactant flow, supporting its rapid displacement. 
 
 
 
Figure 7.7 – Velocity vector field of the flame-vortex interaction 15.50ms after ignition.  
Stoichiometric methane and air 
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Figure 7.8 – Flow velocity magnitude at the flame edge 15.50 ms after ignition, Stoichiometric mixture 
 
Figures 7.9 and 7.10 indicate that as the flame continues to interact with the high velocity 
flow running almost parallel to the flame edge, the burning velocity is significantly 
increased. Away from the vortex rotation the results show that the flame propagation does 
not experience this enhanced burning velocity. 
 
Figure 7.9 – Advected flame position and resultant burning velocity measurement 15.50 ms after ignition. 
Stoichiometric methane and air 
 
Figure 7.10 – Local burning velocity 15.50ms after ignition. Stoichiometric methane and air 
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Stoichiometric condition, 15.75 ms after ignition 
 
At 15.75 ms after ignition the flame has been drawn over the top of the vortex and is 
starting to be pulled downwards by the right edge of the vortex. The flame continues to 
propagate out towards the top of the measurement plane at the same time as this 
downwards motion occurs. As a result of this bifurcation in the flow, two flame tips are 
created with a virtually flat two-dimensional flame profile between them. The lower of 
the two flame tips is of primary importance when considering the influence of the 
rotation, therefore it will be regarded as the leading edge during the following time steps. 
 
 
 
Figure 7.11 – Velocity vector field of the flame-vortex interaction 15.75ms after ignition.  
Stoichiometric methane and air 
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Figure 7.12 – Flow velocity magnitude at the flame edge 15.75 ms after ignition, Stoichiometric mixture 
 
Figures 7.13 and 7.14 shows that the maximum burning velocity occurs in a region of the 
flow where the rotation cuts into the flame front and not at the point of maximum 
velocity. Also, the region of flame that exists between the two flame tips oscillates in 
burning velocity; a result that is due to the inaccuracy of the flow velocity data in this 
region. 
 
Figure 7.13 – Advected flame position and resultant burning velocity measurement 15.75 ms after ignition. 
Stoichiometric methane and air 
 
Figure 7.14 – Local burning velocity 15.75ms after ignition. Stoichiometric methane and air 
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Stoichiometric condition, 16.00 ms after ignition 
 
 
At 16 ms after ignition the vortex has moved further into the field of view (figure 7.15). 
For the first time the fast moving reactant flow at the edge of the flame front starts to 
merge with the fast moving flow at the edge of the vortex core. The vortex still 
demonstrates a Rankine type structure, however its shape can seen to be deformed as its 
core starts to interact with the propagating flame above and to the right of the vortex 
centre. 
 
 
 
Figure 7.15 – Velocity vector field of the flame-vortex interaction 16.00ms after ignition.  
Stoichiometric methane and air 
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Figure 7.16 – Flow velocity magnitude at the flame edge 16.00 ms after ignition, Stoichiometric mixture 
 
Figures 7.17 and 7.18 show that, as the flame front is drawn around the vortex, a greater 
length of  flame is exposed to the rotation and thus a larger region of flame demonstrates 
an increased burning velocity. Negative burning velocities are recorded at the two tips of 
the flame front indicating errors in the measurement technique in these regions.  
 
 
Figure 7.17 – Advected flame position and resultant burning velocity measurement 16.00 ms after ignition. 
Stoichiometric methane and air 
 
Figure 7.18 – Local burning velocity 16.00 ms after ignition. Stoichiometric methane and air 
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Stoichiometric condition, 16.25 ms after ignition 
 
At 16.25ms after ignition the flame has been drawn around the right side of the vortex so 
that it is moving against the general upwards motion of the rotating flow structure. As the 
flame starts to encompass the vortex the core continues to be deformed due to the 
expanding burned gases interacting with the vertical motion of the vortex. A slight bulge 
in the flame front can be seen to have developed directly above the centre of rotation; in 
this region the flame has propagated more rapidly towards the centre of the vortex than in 
other regions. 
 
 
 
Figure 7.19 – Velocity vector field of the flame-vortex interaction 16.25ms after ignition.  
Stoichiometric methane and air 
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Figure 7.20 – Flow velocity magnitude at the flame edge 16.25 ms after ignition, Stoichiometric mixture 
 
Figures 7.21 and 7.22 show that the high burning velocity  is maintained as the flame 
interacts with the edge of the vortex core. To the left of the vortex-flame interaction, 
where the flow intersects the flame at a greater angle, the  increase in burning velocity is 
less substantial. 
 
 
Figure 7.21 – Advected flame position and resultant burning velocity measurement 16.25 ms after ignition. 
 Stoichiometric methane and air  
 
Figure 7.22 – Local burning velocity 16.25 ms after ignition. Stoichiometric methane and air 
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Stoichiometric condition, 16.50 ms after ignition 
 
At 16.50 ms after ignition the rotational velocity of the vortex has reduced substantially 
(see figure 7.23). The flame has continued to be wrapped around the vortex core but by 
the time this image was taken the flame has also propagated through the fast moving flow 
at the edge of the vortex core in one region, thus creating a bulge in the flame front. As 
this part of the flame is now being translated by a flow line with a reduced radius, the 
bulge starts to catch up with the flame further around the vortex. As a result, a cusp in the 
flame front (in the lower right quadrant of the image) is created.  
 
 
Figure 7.23 – Velocity vector field of the flame-vortex interaction 16.50ms after ignition.  
Stoichiometric methane and air 
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Figure 7.24 – Flow velocity magnitude at the flame edge 16.50 ms after ignition, Stoichiometric mixture 
 
Figures 7.25 and 7.26 show that in the region of the bulge in the flame front the high 
burning velocity is maintained, exacerbating the deformation of the flame front. This 
continued enhancement to the rate of propagation appears to occur despite the distinct 
drop in flow velocity observable in figures 7.22 and 7.23.    
 
 
Figure 7.25 – Advected flame position and resultant burning velocity measurement 16.50 ms after ignition. 
 Stoichiometric methane and air  
 
 
Figure 7.26 – Local burning velocity 16.50 ms after ignition. Stoichiometric methane and air  
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
-1
0
1
2
3
4
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-
1 )
Distance from flame tip (m)
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
0
2
4
6
8
10
12
Fl
o
w
 
ve
lo
ci
ty
 
m
a
gn
itu
de
 
(m
.
s-
1 )
Distance from flame tip (m)
0 0.002 0.004 0.006 0.008 0.01 0.012
0
0.002
0.004
0.006
0.008
0.01
0.012
0 0.002 0.004 0.006 0.008 0.01 0.012
0
0.002
0.004
0.006
0.008
0.01
0.012
-1
-0.5
0
0.5
1
1.5
2
2.5
3
0 2 4 6 8 10 12
0
2
4
6
8
10
12
0 2 4 6 8 10 12
0
2
4
6
8
10
12
X mm X mm
Y
 m
m
m.s-1
First flame location
Second flame location
Advected flame location
Y
 m
m
7.3. Burning velocity measurements from the combustion of methane and air 
 231 
Stoichiometric condition, 16.75 ms after ignition 
 
At 16.75 ms after ignition the flame has continued to propagate towards the centre of the 
vortex, consuming much of the high velocity flow forming the edge of the vortex core. 
The cusp formed by the bulge in the flame front being folded in on itself has substantially 
deepened creating a narrow peninsula of unburned reactants surrounded by burned 
products. The flame tip continues to be drawn around the now heavily deformed vortex, 
even as the vortex is rapidly being consumed by the flame on the other side. 
 
 
 
 
Figure 7.27 – Velocity vector field of the flame-vortex interaction 16.75 ms after ignition. Stoichiometric 
methane and air 
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Figure 7.28 – Flow velocity magnitude at the flame edge 16.75 ms after ignition, Stoichiometric mixture 
 
Figures 7.29 and 7.30 demonstrate that, even though the flame has propagated through 
the high velocity flow at the edge of the vortex core, the flame continues to exhibit high 
burning velocities at points where it intersects the flow rotation. Propagation rates in the 
regions of the cusp and away from the rotation continue to demonstrate low burning rates. 
 
 
Figure 7.29 – Advected flame position and resultant burning velocity measurement 16.75 ms after ignition. 
 Stoichiometric methane and air  
 
 
Figure 7.30 – Local burning velocity 16.75 ms after ignition. Stoichiometric methane and air 
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Stoichiometric condition, 17.00 ms after ignition 
 
At 17.00 ms after ignition a considerably proportion of the vortex has been consumed by 
the propagating flame. The rotating core has moved further up the measurement window, 
translating the burned and unburned regions with it. During this movement the vortex 
geometry has been elongated by the two sections of the flame propagating in from 
different sides. The cusp of unburned reactants between  these two section has remained, 
becoming deeper due to the progression  of the flame. The previously identified bulge in 
the flame front has continued to cross the flow lines of the rotation and has nearly reached 
the centre of the vortex by this time. 
 
 
 
Figure 7.31 – Velocity vector field of the flame-vortex interaction 17.00ms after ignition.  
Stoichiometric methane and air 
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Figure 7.32 – Flow velocity magnitude at the flame edge 17.00 ms after ignition, Stoichiometric mixture 
 
Figures 7.33 and 7.34 show that two small regions of high burning velocity remain at this 
late stage in the interaction. These areas of high burning velocity are found where the 
flow intersects the flame front at an almost tangential angle despite the flow velocities 
being very low. 
 
Figure 7.33 – Advected flame position and resultant burning velocity measurement 17.00 ms after ignition. 
 Stoichiometric methane and air  
 
 
Figure 7.34 –Local burning velocity 17.00ms after ignition. Stoichiometric methane and air 
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7.3.2.  Summary of Local Burning Velocity Data Produced Under 
Stoichiometric Conditions  
 
 
Figure 7.35 – Local burning velocity of a flame interacting with a toroidal vortex, stoichiometric conditions 
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7.3.3.  Discussion of Stoichiometric Burning Velocity Results 
 
It has already been identified in section 5.2 that for the flame-vortex interaction generated 
by the 30mm orifice, the flame front exhibits a prominent ‘bulge’ as it encounters the 
vortex core. This bulge can be seen in the lower edge of the burned gas region in figure 
7.2, initially it can be observed in frame e and is clearly discernable from frame f 
onwards. The bulge in the flame front appears to occur due to the flame propagating more 
rapidly across the flow lines in one particular area of the interaction (as can be seen in 
Figure 7.2) advancing its position towards the centre of the vortex. With respect to this 
qualitative observation, the burning velocity data presented in sections 7.3.1 to 7.3.9 
(summarised in Figure 7.35) demonstrates clear corroboration. The local burning velocity 
results show a significant increase in propagation rate along the flame edge directly 
interfacing with the vortex rotation, peaking at over 3 ms-1. This high burning velocity 
represents over a 9-fold increase from the laminar burning velocities of 0.368 m.s-1 
recorded by Gu et al. (2000) and 0.3515 recorded by Tahtouh (2009). As the flame-vortex 
interaction continues to develop, it can be seen that there is a consistently high burning 
velocity in the region of the flame where the local flow field is nearly tangential  to the 
flame front (see Figure 7.2 and Figure 7.35). This relationship between the local flow 
behaviour and the burning velocity will be examined more closely later in this chapter.            
 
If the first four burning velocity data sets are considered  (between 15.25ms and 16.00ms 
after ignition) an obvious distinction can be made between the section of the flame front 
in direct contact with the vortex and the section along the outer edge, away from the 
rotation. In addition to these two sections, another region of flame front can also be 
identified from the results; the section close to the flame tip at the transition between the 
inner and outer edges of the flame (see Figure 7.36). The data recorded in section 1 of the 
flame demonstrates a relatively low rate of flame propagation, with average velocities of 
0.39 m.s-1, 0.28 m.s-1, 0.37 m.s-1 and 0.31 m.s-1, for sets A, B, C and D respectively 
(providing a combined average of 0.34 m.s-1). Given the possible errors present within the 
measurements and the stretched nature of the laminar flame, these average results are in 
close approximation to the unperturbed laminar burning velocity of 0.368 m.s-1,  
indicating that this region of the flame does not experience any enhancement to the rate of 
propagation. The following section of the flame, identifiable by its close proximity to the 
flame tip, exhibits severe fluctuations in measured burning velocity, often producing 
highly negative values (see section 2 in Figure 7.36). This degree of vacillation in the data 
indicates that the technique struggles to cope with the flame-flow interaction within this 
7.3. Burning velocity measurements from the combustion of methane and air 
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region. The source of this inaccuracy within the measurements is the high flow velocities 
present at the flame tip with respect to the burning velocity. This disparity in the 
advection and propagation levels means that the error contained within the PIV 
measurement of the local flow velocity swamps the burning velocity trying to be 
ascertained. The inability of the advection process to cope with this region can be seen by 
the sometimes jagged profile of the advection points around the flame tip shown in 
Figures 7.4, 7.14 and 7.19.   
 
Figure 7.36 – Identification of the different sections within the burning velocity measurement data during the 
initial stages of stoichiometric flame-vortex interaction 
 
The final section of the flame front, that directly interfaces with the vortex rotation, 
demonstrates a significant increase in burning velocity in comparison to the previous two. 
The results show an increase in the burning velocity as the flame starts to fully encounter 
the rotation, the peak rising from 2 m.s-1 at 15.75 ms after ignition, to over 3 m.s-1 by 
15.75 ms. The average for this region of the flame over the first four measurement sets is 
1.92 m.s-1. The error analysis previously conducted indicates that the burning velocity 
measurement is subject to a possible overestimation of 0.23 m.s-1 due to deceleration, and 
0.45 m.s-1 due to curvature. However, even in these worst case scenarios a combined 
reduction of 0.68 m.s-1 to the values obtained for section 3 would not remove the fact that 
the burning velocity is significantly enhanced in this region of the flame.  
 
Data set C  - 15.75ms after ignition
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Moving on from these first stages of the flame-vortex interaction, the remaining four data 
sets can now be considered (plots e-f shown in Figure 7.35.). Within these data sets the 
flame continues to develop in size and shape, causing section 1 of the flame edge (shown 
in Figure 7.36 and Figure 7.37) to become displaced outside of the image region. In 
addition to this change, as part of the evolution of the flame front, two new regions of the 
flame become apparent. The first of these new developments is the formation of a cusp in 
the flame profile, positioned along the flame edge adjacent to the vortex (shown as 
section 4 in Figure 7.37).  This cusp region divides section 3, the region directly 
interacting with the vortex, in two, each sub-section still being in contact with the vortex 
core.  
 
 
Figure 7.37 – Identification of the different sections within the burning velocity measurement data during the 
later stages of stoichiometric flame-vortex interaction 
 
The cusp region appears to develop due to the high propagation rate produced in section 
3, which maintains a high average burning velocity of 1.63 m.s-1 during these final stages. 
The formation of the bulge in this region of the flame means that part of the flame front 
burns across the flow lines of the vortex ahead of the rest of the flame. As this occurs, this 
small section of the flame begins to interact with the fast moving flow present around the 
edge of the vortex core (see plots e and f of Figure 7.2). The fast moving flow region then 
translates this part of the flame more rapidly around the vortex, resulting in a fold 
Data set F  - 16.50ms after ignition
Data set G 16.75ms after ignition Data set H  17.00ms after ignition
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Data set E  - 16.25ms after ignition
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forming in the previously smooth flame front. As the rest of the flame front continues to 
exhibit a high burning velocity due to the vortex, this fold in the flame continues to 
develop, forming a cusp in which the trapped reactants are slowly consumed. The burning 
velocity measurements in the cusp section of the flame show substantially lower values 
than section 3 which it divides. However, a high degree of oscillation starts to develop in 
the measurements around the cusp as the flame starts to encroach on this small volume of 
unburned reactants.  This error in burning velocity is due to the small number of particles 
present within the trapped volume, reducing the signal available for accurate velocity 
measurement, this development can be seen by the occurrence of small peaks in the 
velocity data at 0.008 m and 0.018 m from the flame tip in figure 7.42. 
 
The other new section to appear in the burning velocity data is a region where the flame 
begins to wrinkle above the main vortex rotation (shown as section 5 in Figure 7.37). This 
wrinkle in the flame front is due to the flame front burning into the vortex at the same 
time as the fast moving flow at the edge of the vortex core pushes into the burned 
reactants. This interaction between the high velocity flow of the vortex and the 
encroaching burned reactants causes the flame to buckle and roll around the flow. The 
scale of this interaction is small in comparison to the image region used in this analysis, 
therefore little useful information can be gleaned in terms of the burning velocity. 
 
In summary, the burning velocity data demonstrates that there is a significant 
enhancement to the rate of flame propagation where the flame directly interacts with the 
rotating vortex. Away from this interaction with the main vortex core, the flame exhibits 
propagation rates around the value recorded by Andrews and Bradley for unperturbed 
combustion. In regions where the flame experiences high flow velocities or severe 
convolution (such as around the flame tip, the cusp region or the secondary wrinkle) the 
data becomes more susceptible to errors, indicating the need for improvements to be 
made in the data measurement technique in these areas. Nevertheless, the results recorded 
demonstrate the strong influence that flow motion has on the rate at which a flame front 
propagates through a premixed charge. This aspect is even more interesting given the fact 
that stoichiometric methane and air has a Lewis number of 1.046 (Bradley et al. 2005) 
and thus should exhibit little in way of thermo-diffusive instability (see section 2.3). 
Additionally, given the stoichiometry, preferential diffusion has little influence. In order 
to provide more insight into causes of this enhanced propagation rate the following 
section looks at the interaction produced by combusting lean and rich methane and air 
mixtures.       
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7.3.4. The combustion of lean methane and air 
 
In order to provide additional insight into how the propagation of a flame front responds 
to local flow structure, this section starts to look at the effect of stoichiometry on the 
interaction. In this section, the propagation of a flame through a lean mixture of methane 
and air is investigated; the equivalence ratio (φ) being set to 0.8. As in the previous 
section, which looked at the stoichiometric case, the 30mm orifice has been employed, 
generating a vortex approximately 6mm in diameter. The image size and location has 
therefore been kept the same, allowing direct comparisons to be made.  
 
Due to the slower reaction rates produced from the lean combustion, the velocities 
recorded are distinctly lower than for the stoichiometric case. As a result of this, the inter-
frame time periods used for the measurement of the flow movement (dt) and flame 
advection (dP) were set to 8µs and 90µs respectively (see Table 7.2 for the full list of 
settings).    
 
Time between images for flow velocity measurement (dt) 8μs 
Time between images for flame displacement measurement (dP) 90μs 
Image region size 13 by 13 mm 
Image Resolution 1000 by 1016 pixels 
Lens Nikkor 105mm macro 
Focal length over aperture ratio (F#) 8 
Diffraction limited particle image size 2.8 pixels 
Distance from the image centre to the orifice centre line 25mm 
Distance from the image centre to the main combustion chamber floor 18mm 
 
Table 7.2 – Image acquisition settings for lean burning velocity measurements 
 
Figure 7.38 contains an overview of the flame positions for each of the data sets 
presented. Each of the images displays the velocity flow field of the unburned gas and the 
corresponding stream lines. This overview shows that, for the lean case, the flame front is 
drawn smoothly around the vortex core before slowly consuming the reactants in the 
centre of the rotation. The propagation of the flame towards the vortex centre appears to 
be quite even as there is no bulge or cusp formation as in the stoichiometric case. 
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Figure 7.38 – Overview of the flame position and flow field associated with each burning velocity 
measurement with overlaid stream lines –  Lean condition. 
 
a) 16.66ms b) 17.00ms
m.s-1
c) 17.33ms d) 17.66ms
e) 18.00ms f) 18.33ms
g) 18.66ms
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Lean condition, 16.66 ms after ignition 
 
At 16.66 ms after ignition the toroidal vortex has entered the measurement region, with 
the centre of the rotation located at 6.5 mm by 1.5 mm in the image coordinates (see 
figure 7.39). The structure of the vortex can be clearly seen to display a Rankine type 
formation, with a rotational core of high vorticity surrounded by an irrotational field of no 
vorticity. The vortex size is the same as that identified in the stoichiometric case 
(approximately 6 mm on average diameter) but the rotational velocity is considerably 
lower. Figure 7.39 shows that the flame has started to be drawn around the vortex core 
and that the flame front at the leading edge is relatively flat in comparison to the rest of 
the interaction.  
 
 
Figure 7.39 – Velocity vector field of the flame-vortex interaction 16.66ms after ignition.  
Lean methane and air φ=0.8.  
m.s-1 
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Figure 7.40 – Flow velocity magnitude at the flame edge 16.66 ms after ignition, Lean mixture 
 
Figures 7.41 and 7.42 demonstrate that, in the region of the flame front where the flame 
directly interacts with the rotating flow, the burning velocity is slightly increased in 
comparison to the rest of the propagating flame front. The level of increase is 
significantly lower than recorded for the stoichiometric condition. 
 
 
Figure 7.41 – Advected flame position and resultant burning velocity measurement 16.66 ms after ignition. 
 Lean methane and air  
 
 
Figure 7.42 – Graph of local burning velocity 16.66ms after ignition. Lean methane and air  
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Lean condition, 17.00 ms after ignition 
 
At 17.00 ms after ignition the flame has been drawn slightly further around the vortex. As 
part of this process, in conjunction with the flame propagation, the high velocity flow 
present at the lower edge of the flame has started to merge with the high velocity flow at 
the edge of the vortex core. By this time in the interaction, the vortex has progressed 
further into the measurement region but its progress is considerably slower than found in 
the stoichiometric case. 
 
 
 
Figure 7.43 – Velocity vector field of the flame-vortex interaction 17.00ms after ignition.  
Lean methane and air φ=0.8. 
 
 
 
m.s-1 
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Figure 7.44 – Flow velocity magnitude at the flame edge 17.00 ms after ignition, Lean mixture 
 
Figures 7.45 and 7.46 show that the burning velocity profile does not show significant 
change from the previous point in time: The flame adjacent to the flow rotation has an 
increased burning velocity in comparison to the region of the flame  
 
 
Figure 7.45 – Advected flame position and resultant burning velocity measurement 17.00 ms after ignition. 
 Lean methane and air  
 
Figure 7.46 – Graph of local burning velocity 17.00ms after ignition. Lean methane and air  
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Lean condition, 17.33 ms after ignition 
 
At 17.33 ms after ignition the flame has started to propagate across the flow lines of the 
flow rotation and  starting to interact with the vortex core directly. As in the 
stoichiometric case the flame has developed two flame tips due to the flame vortex 
interaction, the lower one becoming the leading edge. 
 
 
 
 
 
Figure 7.47 – Velocity vector field of the flame-vortex interaction 17.33ms after ignition.  
Lean methane and air φ=0.8. 
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Figure 7.48 – Flow velocity magnitude at the flame edge 17.33 ms after ignition, Lean mixture 
 
Figures 7.49 and 7.50 show that the flame front region that directly interacts with the 
vortex maintains a relatively even burning velocity in comparison to the stoichiometric 
case. This results in flame front retaining a smooth profile with no bulges, wrinkles or 
cusps being formed. 
 
 
Figure 7.49 – Advected flame position and resultant burning velocity measurement 17.33 ms after ignition. 
 Lean methane and air  
 
Figure 7.50 – Graph of local flow velocity magnitude 17.33ms after ignition. Lean methane and air  φ=0.8 
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 Lean condition, 17.66 ms after ignition 
 
At 17.66 ms after ignition the flame still demonstrates a smooth profile with the flame tip 
being drawn around the vortex core. The rotational velocity of the vortex has dropped 
slightly from the start of the interaction but has still maintained a distinct Rankine 
structure.  
 
 
 
 
Figure 7.51 – Velocity vector field of the flame-vortex interaction 17.66ms after ignition.  
Lean methane and air φ=0.8. 
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Figure 7.52 – Flow velocity magnitude at the flame edge 17.66 ms after ignition, Lean mixture 
 
Figures 7.53 and 7.54 show that the region of highest burning velocity occurs where the 
flow is travelling nearly parallel with the flame front, as in the stoichiometric case. 
However, in this case, the tail off from the higher propagation rate is less severe in 
comparison to the stoichiometric case so the flame maintains its smooth profile. 
 
 
Figure 7.53 – Advected flame position and resultant burning velocity measurement 17.66 ms after ignition. 
 Lean methane and air  
 
 
Figure 7.54 – Graph of local burning velocity 17.66ms after ignition. Lean methane and air  φ=0.8 
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Lean condition, 18.00 ms after ignition 
 
At 18.00 ms after ignition the flame has been drawn around to the right side of the vortex. 
The interaction between the rotation and the propagating flame front has compressed and 
skewed the vortex so that by this stage it appears elongated with its major axis lying  
along a 45 degree angle. The flow field shown in figure 7.55 indicates that, by this stage 
in the interaction, the rotating flow adjacent to the flame has continued to fall in velocity.   
 
 
 
 
Figure 7.55 – Velocity vector field of the flame-vortex interaction 18.00ms after ignition.  
Lean methane and air φ=0.8. 
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Figure 7.56 – Flow velocity magnitude at the flame edge 18.00 ms after ignition, Lean mixture 
 
Figures 7.57 and 7.58 show a similar trend to the previous data sets: the region of the 
flame exposed to the rotation displays an enhanced burning velocity which is relatively 
uniform.  
 
 
Figure 7.57 – Advected flame position and resultant burning velocity measurement 18.00 ms after ignition. 
 Lean methane and air  
 
 
Figure 7.58 – Graph of local burning velocity 18.00ms after ignition. Lean methane and air  φ=0.8 
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Lean condition, 18.33 ms after ignition 
 
At 18.33 ms after ignition the flame can be seen to have been drawn a considerable 
distance round the vortex yet little of the vortex core has actually been consumed. The 
flow field in figure 7.59 shows that, by this time, the shape of the vortex has been 
deformed further by the expansion of the burned gas, resulting in the major axis of the 
elliptical rotation being distorted to match the flame edge profile. A slight wrinkle is 
starting to form in the flame towards the top left of the measurement region; whether this 
is due to the change in the burning velocity in this area of the flame or is flow driven is 
unclear form this data. 
 
 
 
Figure 7.59 – Velocity vector field of the flame-vortex interaction 18.33ms after ignition.  
Lean methane and air φ=0.8. 
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Figure 7.60 – Flow velocity magnitude at the flame edge 18.33 ms after ignition, Lean mixture 
 
Figures 7.61 and 7.62 show that the burning velocity around the vortex continues to be 
enhanced, a peak occurring where the flow is nearly tangential to the flame front.  A drop 
off in burning velocity is present at the start of the wrinkle in the flame front, towards the 
upper left region of the measurement area.  
 
 
Figure 7.61 – Advected flame position and resultant burning velocity measurement 18.00 ms after ignition. 
 Lean methane and air  
 
 
Figure 7.62 – Graph of local flow velocity magnitude 18.33ms after ignition. Lean methane and air  φ=0.8 
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Lean condition, 18.66 ms after Ignition 
 
At 18.66 ms after ignition it can be seen that the flame has propagated through the outer 
region of the vortex core and reached the centre of the rotation (see figure 7.63) . During 
this interaction the vortex has continued to distort, resulting in a vertical orientation to its 
major axis and compressing its minor axis even further. Due to the rapid movement of the 
flame front through the slower region of the vortex, the profile of the flame front has 
altered considerably; the flame is now has an almost straight edge where it interacts with 
the vortex. 
 
 
 
Figure 7.63 – Velocity vector field of the flame-vortex interaction 18.66ms after ignition.  
Lean methane and air φ=0.8 
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Figure 7.64 –  Flow velocity magnitude at the flame edge 18.66 ms after ignition, Lean mixture 
 
Figures 7.65 and 7.66 show that, by this point in the interaction, the burning  velocity of 
the flame interacting with the vortex core is low in comparison to the previous 
measurements. This low region (less than 1 m.s-1) coincides with the low flow velocity 
recorded next to the flame front near to the vortex centre. 
 
Figure 7.65 – Advected flame position and resultant burning velocity measurement 18.66 ms after ignition. 
 Lean methane and air  
 
 
Figure 7.66 – Graph of local burning velocity 18.66ms after ignition. Lean methane and air  φ=0.8 
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7.3.5.  Summary of Local Burning Velocity Data Produced Under Lean 
Conditions  
 
 
Figure 7.67 – Local burning velocity of a flame interacting with a toroidal vortex under lean conditions 
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7.3.6.  Discussion of Lean Combustion Burning Velocity Results 
 
From the results shown in figures 7.46 to 7.82, it can be seen that the flame-vortex 
interaction generated for the lean case has a different structure from that produced under 
stoichiometric conditions. Whereas the stoichiometric flame experiences a significant 
change in flame shape as it comes into contact with the vortex core, the lean flame 
maintains a smooth profile as it is drawn around the rotating flow. This lack of distortion 
of the flame front continues until the core itself is consumed at the end of the sequence 
(figure 7.46 g – 18.66 ms after ignition). In terms of the vortex itself, the size of the 
rotation produced in the lean case is the same as that produced under stoichiometric 
conditions, as this is a parameter controlled by the shape of the orifice. However, as the 
lean reaction demonstrates a lower unperturbed burning velocity, 0.265 m.s-1, (Gu et al. 
2000), the rate at which the reactants are forced through the orifice is lower than in the 
stoichiometric case; this results in a lower rotation speed vortex. The burning velocity 
data calculated for the lean case (see figure 7.67) clearly demonstrates this overall 
reduction in propagation rate, presenting values substantially lower than those recorded 
for the stoichiometric condition. If the first four data sets are considered it can be seen 
that the same three sections originally identifiable in the stoichiometric interaction are 
also present for the lean case: the outside edge, the flame tip, and inside edge adjacent to 
the vortex core (see Figure 7.68).). 
 
 
Figure 7.68 – Identification of the different sections within the burning velocity measurements during the 
initial stages of the lean flame-vortex interaction. The graphs correspond to data sets a to d in  Figure 7.67 
Data set C  - 17.33 ms after ignition
Data set A  - 16.66 ms after ignition
Data set D  - 17.66 ms after ignition
Data set B  - 17.00 ms after ignition
1 – Outer edge 2 – Flame tip 3  – Inner edge
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The results for the outside edge of the flame, away form the vortex rotation, (section 1 in 
figure 7.69), give an average burning velocity of 0.25 m.s-1;  a value that is in the same 
range as those presented by Gu et al. (2000) who recorded laminar burning velocities of 
between 0.25m.s-1 and 0.28m.s-1 for lean methane air mixtures with a 0.1 MPa starting 
pressure and 300 K initial temperature. Therefore, these results indicate that this region of 
flame front is propagating at the unperturbed laminar rate in the same manner as the 
stoichiometric case. 
 
As in the stoichiometric case, the results from the flame tip region of the interaction 
(section 2 in Figure 7.68) demonstrate low burning velocities relative to the other regions. 
Likewise, enhanced levels of variation in the results are also evident, however, the level 
of oscillation in the results is significantly reduced in comparison to the stoichiometric 
case. It is believed that this improvement is brought about by a reduction in the 
magnitude of the errors present within the flow velocity measurements. This reduction in 
error is itself a direct result of the lower flow velocities present in the interaction.   
 
The region of the flame that directly interacts with the rotating vortex (section 3), again 
demonstrates a similar trend to that of the stoichiometric case, with the burning velocity 
enhanced beyond the unperturbed laminar value (see Figure 7.67). This section of the 
flame demonstrates averages of 1.08 m.s-1, 1.04 m.s-1, 1.13 m.s-1 and 1.26 m.s-1 for the 
first four data sets producing a combined average of 1.13 m.s-1. This increase is 
substantial, but does not match the stoichiometric case in either magnitude or 
multiplication of the laminar unperturbed burning velocity. Considering the first four data 
sets of both the stoichiometric and lean cases, it can seen that while the stoichiometric 
case exhibits an increase of 5.05 times the unperturbed value (an average burning velocity 
of 1.92 m.s-1 compared with an unperturbed velocity of 0.38 m.s-1), the lean case only 
exhibits a multiplication of 4.26 (an average of 1.13 m.s-1 compared with an unperturbed 
velocity of 0.265 m.s-1).  
 
The drop in the ratio between perturbed and unperturbed burning velocity observed 
between the stoichiometric and lean cases is an interesting occurrence in light of several 
issues. Firstly, the Lewis number for the lean case is only slightly reduced from that of 
the stoichiometric case and still above unity; suggesting that thermo-diffusive instability 
plays little part in the change in burning velocity. Secondly, de Swart et al. (2006) 
observed that, in their numerical simulation of methane-air combustion, lean mixtures 
displayed little preferential diffusive behaviour and that this only increased slightly for 
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increasing fuel mass. This suggests that the reduction in the rotational speed of the vortex 
is linked to the reduction in burning velocity increase. However, in light of the lack 
preferential and thermal instabilities, the underlying physical cause of this is unclear at 
this point. 
 
The remaining three data sets from the lean combustion series demonstrate that the 
enhanced burning velocity along the inner edge of the flame continues right through the 
interaction. However, the magnitude of the enhancement drops slightly; the average for 
section 3 (see Figure 7.69) becomes 0.86, 1.05 and 0.75 m.s-1 for sets e, f, and g 
respectively. 
 
Figure 7.69 – Identification of the different sections within the burning velocity measurements during the 
final stages of the lean flame-vortex interaction. The graphs correspond to data sets e to g in  Figure 7.67 
 
This reduction in burning velocity coincides with the flame passing beyond the fast 
moving section of flow at the edge of the vortex core and starting to interact with the 
slower flow at the centre of the vortex core.  A wrinkle in the flame front becomes 
apparent in data set f of the interaction (section 5 of Figure 7.69) but quickly moves out 
of the measurement frame. The burning velocity of the flame front in this region 
noticeably drops, whether this is the cause of the wrinkle or a result of it is unclear from 
this data.   
-0.016 -0.012 -0.008 -0.004 0.000 0.004 0.008 0.012 0.016
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-1
)
Distance from flame tip (m)
Data set E  - 18.00 ms after ignition Data set F  - 18.33 ms after ignition
1 32
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-1
)
Distance from flame tip (m)
3 5
0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-
1
)
Distance from flame tip (m)
Data set G  - 18.66 ms after ignition
3
1 – Outer edge
2 – Flame tip
3 – Inner edge
4 – Cusp
5 – Flame wrinkle
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-1
)
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-1
)
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-1
)
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-1
)
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-
1
)
Bu
rn
in
g 
Ve
lo
ci
ty
 
(m
.
s-
1
)
7.3. Burning velocity measurements from the combustion of methane and air 
 260 
7.3.7. The combustion of rich methane and air 
 
This section looks at the interaction that occurs in an environment rich in methane. For 
this work, the equivalence ratio of the mixture (φ) has been set to 1.2. As in the previous 
cases, the 30mm orifice is employed, generating a vortex approximately 6mm in 
diameter. The image size and location has been kept the same, allowing direct 
comparisons to be made between the interactions.  
 
As to the reaction rates present in the rich case are only slightly elevated from the lean 
condition, the velocities recorded are similar. As a result of this, the inter-frame time 
periods used for the measurement of the flow movement and flame advection were kept 
at 8µs and 90µs respectively (see Table 7.2 for the full list of settings).    
 
Time between images for flow velocity measurement (dt) 8μs 
Time between images for flame displacement measurement (dP) 90μs 
Image region size 13 by 13 mm 
Image Resolution 1000 by 1016 pixels 
Lens Nikkor 105mm macro 
Focal length over aperture ratio (F#) 8 
Diffraction limited particle image size 2.8 pixels 
Distance from the image centre to the orifice centre line 25mm 
Distance from the image centre to the main combustion chamber floor 18mm 
 
Table 7.3 – Image acquisition settings for lean burning velocity measurements 
 
Five data sets are presented in this section, between 16.33 and 17.66 ms after ignition. 
The final stages of the interaction, as the flame consumes the very centre of the vortex, 
have not been captured. Nevertheless, important information on the nature of the flame 
propagation through the reactant field is still recorded.    
 
Figure 7.70 contains an overview of the flame positions for each of the data sets 
presented. Each of the images displays the velocity flow field of the unburned gas and the 
corresponding stream lines. The flame vortex interaction depicted has a similar form to 
that of the lean case; the main difference is that the vortex in the rich case appears to 
suffer less distortion during the combustion event. 
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Figure 7.70 – Overview of the flame position and flow field associated with each burning velocity 
measurement with overlaid flow stream lines –  Rich condition.  
 
 
a) 16.33ms b) 16.66ms
c) 17.00ms d) 17.33ms
e) 17.66ms
m.s-1
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Rich condition,  16.33 ms after ignition 
 
At 16.33 ms after ignition both the flame and the vortex can be seen to have entered the 
measurement region (see figure 7.71) with the flow drawing the flame front around the 
vortex.  The cross-section of the toroidal vortex shows that the rotation has a highly 
circular form displaying a typical Rankine structure. In comparison to the stoichiometric 
and lean interactions, the vortex in the rich case has become more developed and has 
travelled further into the measurement region by the time the flame reaches the rotation 
core. As in the other reactant mixtures, a region of high velocity flow is present along the 
lower half of the flame edge; a feature produced by the flame interacting with the shear 
layer developed at the orifice exit. 
 
 
 
Figure 7.71 – Velocity vector field of the flame-vortex interaction 16.33 ms after ignition.  
Rich methane and air, φ = 1.2  
 
m.s-1 
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Figure 7.72 – Flow velocity magnitude at the flame edge 16.33 ms after ignition, Rich mixture 
 
Figures 7.73 and 7.74 demonstrate that, as in the stoichiometric and lean cases, the local 
burning velocity shows a substantial increase in the region interacting with the flow 
rotation. Away from the direct influence from the vortex the burning velocity is 
considerably lower. 
 
 
Figure 7.73 – Advected flame position and resultant burning velocity measurement 16.33 ms after ignition. 
Rich methane and air  
 
 
Figure 7.74 – Graph of local flow velocity magnitude 16.33ms after ignition. Rich methane and air 
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Rich condition,  16.66 ms after ignition 
 
At 16.66 ms after ignition the flame front has been drawn further around the vortex; at 
this point the flame still hasn’t interacted with the rotational core of the vortex, it is still 
being migrated around the periphery (figure 7.75). The vortex core demonstrates little 
distortion, it’s overall form being highly circular. A slight deceleration of the flow at the 
edge of the flame and at the outer edge of the vortex core is evident when comparing 
figure 7.75 to the velocity field of the previous time step (figure 7.71). 
 
 
 
 
Figure 7.75 – Velocity vector field of the flame-vortex interaction 16.66 ms after ignition.  
Rich methane and air, φ = 1.2   
m.s-1 
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Figure 7.76 – Flow velocity magnitude at the flame edge 16.66 ms after ignition, Rich mixture 
 
Figures 7.77 and 7.78 show that the burning velocity has been increased in the region of 
the flame exposed to the flow rotation. Interestingly the section of flame experiencing the 
highest increase is not the section closest to the centre of the vortex. 
 
 
Figure 7.77 – Advected flame position and resultant burning velocity measurement 16.66 ms after ignition. 
 Rich methane and air  
 
 
Figure 7.78 – Graph of local burning velocity 16.66 ms after ignition. Rich methane and air 
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Rich condition, 17.00 ms after ignition 
 
By 17.00 ms after ignition the vortex has become slightly distorted by the expansion of 
the burned gases close to the rotating core (see figure 7.79). The flame has been drawn 
further around the vortex but the flame front has also steadily propagated across the 
direction of flow, towards the vortex centre. The velocity of the reactant flow adjacent to 
the flame front, on the vortex side of the burned gas, has appreciably dropped in 
comparison to the two previous time steps (see figure 7.80). This fall off in velocity is 
either due to a deceleration of the flow in this region or consumption of the high velocity 
band by the flame front.  
 
 
 
Figure 7.79 – Velocity vector field of the flame-vortex interaction 17.00 ms after ignition.  
Rich methane and air  
 
 
m.s-1 
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Figure 7.80 – Flow velocity magnitude at the flame edge 17.00 ms after ignition, Rich mixture 
 
Figures 7.81 and 7.82 show that, by this point in time, the location of the peak burning 
velocity has shifted to region of the interaction where the fast moving rotational flow is 
running nearly parallel to the flame front. Overall, the region of the flame interacting with 
the vortex displays a lower burning velocity than is previously evident. 
 
 
Figure 7.81 – Advected flame position and resultant burning velocity measurement 16.66 ms after ignition. 
 Rich methane and air  
 
 
Figure 7.82 – Graph of local burning velocity 17.00 ms after ignition. Rich methane and air 
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Rich condition, 17.33 ms after ignition 
 
By 17.33 ms after ignition the flame has become drawn over the top of the vortex and is 
beginning to engulf the vortex core. Little further distortion has occurred to the shape of 
the core except that the progression of the burned gas has caused the slightly elongated 
vortex to become skewed towards the vertical in relation to the previous time step. An 
interesting aspect of the interaction is that the width of the burned gas region, measured in 
a radial direction from the vortex centre, is a lot narrower than both the stoichiometric 
and lean mixture cases. At this point in the interaction the flame front is still smooth 
without any wrinkles or cusps evident.   
 
 
 
Figure 7.83 – Velocity vector field of the flame-vortex interaction 17.33 ms after ignition.  
Rich methane and air, φ = 1.2   
 
m.s-1 
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Figure 7.84 – Flow velocity magnitude at the flame edge 17.33 ms after ignition, Rich mixture 
 
Figures 7.85 and 7.86 show that the burning velocity measurements demonstrate the same 
profile identified in the previous time steps.  Peak burning velocity occurs in the region of 
the interaction where the reactant flow runs nearly parallel to the flame front. 
 
 
Figure 7.85 – Advected flame position and resultant burning velocity measurement 17.33 ms after ignition. 
 Rich methane and air  
 
 
Figure 7.86 – Graph of local burning velocity 17.33 ms after ignition. Rich methane and air 
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Rich condition, 17.66 ms after ignition 
 
By 17.66 ms after ignition the flame has been completely drawn around the right side of 
the vortex so that nearly all of the core is engulfed by a band of burned products. Little  
consumption of the core itself has occurred and little additional distortion to the vortex 
shape has  resulted  from the interaction. The velocity of the reactant flow shown in figure 
7.87 also demonstrates that, despite the long duration of the interaction relative to the 
stoichiometric case, the vortex rotation has not substantially slowed. This occurrence may 
be due to the burned gas region predominantly following the flow lines of the rotation and 
only slowly propagating across the direction of flow.   
 
 
 
Figure 7.87 – Velocity vector field of the flame-vortex interaction 17.66 ms after ignition.  
Rich methane and air  
 
 
m.s-1 
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Figure 7.88 – Flow velocity magnitude at the flame edge 17.66 ms after ignition, Rich mixture 
 
Figures 7.89 and 7.90 show  that the local burning velocity demonstrates the same trends 
as depicted in the plots from previous time steps. The magnitude of the local burning 
velocity shows a high level of consistency over the region in direct contact with the flow 
rotation; this uniformity results in no wrinkling or distortion of the flame front. 
 
 
Figure 7.89 – Advected flame position and resultant burning velocity measurement 17.66 ms after ignition. 
 Rich methane and air  
 
 
Figure 7.90 – Graph of local burning velocity 17.66 ms after ignition. Rich methane and air 
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7.3.8. Summary of Local Burning Velocity Data Produced Under Rich 
Conditions  
 
 
Figure 7.91 – Local burning velocity of a flame interacting with a toroidal vortex under rich conditions 
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7.3.9. Discussion of Rich Combustion Burning Velocity Results 
 
For the rich reactant mixture, the flame vortex interaction demonstrates a similar trend to 
that of the lean case; the flame is drawn around the vortex core, slowly propagating 
towards and through the centre of the rotation. No bulges or wrinkles of the flame front 
occur within the measurement region, indicating a uniform consumption of the reactants 
around the vortex.  
 
 
Figure 7.92 –  Identification of the different sections within the burning velocity measurements for the rich 
flame-vortex interaction. 
 
As in the stoichiometric and lean interactions, there is a distinct difference in the burning 
velocity measured along the outer edge of the flame (with respect to the vortex) and the 
inner edge (see Figure 7.92). The results from the outer edge of the flame-vortex 
interaction (section 1), give an average burning velocity of 0.29 m.s-1, a figure which is 
close to the 0.318 m.s-1 recorded by Gu et al. (2000) for the laminar burning velocity. 
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This close agreement in the values measured indicates that, as in the stoichiometric and 
lean cases, this region of the propagation can be considered to be unperturbed. Section 2 
of the flame-vortex interaction, the region at the leading tip of the flame propagation, 
continues to present a challenge to the measurement technique. Large oscillations in the 
burning velocity are consistently recorded in this region, often incorporating negative 
values. As mentioned in the discussions for the stoichiometric and lean cases, this is a 
region where improvements to the accuracy of the technique must be made in order to 
provide understanding of the flame response at the tip. In section 3 of the burning 
velocity profile, the flame starts to directly interact with the vortex rotation, causing a 
distinct increase in propagation rate. The average burning velocity produced in this 
region, calculated across all five data sets, is 1.18 m.s-1, a value that is 3.71 times the 
laminar burning velocity. The magnitude of this velocity is slightly higher than that 
recorded for the lean reaction (measured as average of 1.13 m.s-1), yet its multiple of the 
laminar burning velocity is significantly lower (calculated as 4.26 in the lean case). 
Considering that the vortex produced in the rich case is rotating appreciably faster that 
then lean case (12 m.s-1 at the edge of the vortex core as opposed to 9.5 m.s-1 in the lean 
case) the reduced percentage increase in the burning velocity suggests that the 
combustion of the rich reactant mixture is less sensitive to the effect of flow rotation. 
 
 
7.4.  THE INFLUENCE OF STOICHIOMETRY ON BURNING 
VELOCITY 
 
The data presented for the three different methane-air mixtures all display an increase in 
burning velocity where the flame directly interacts with the rotating vortex core. This 
localised increase in burning velocity demonstrates the considerable impact that the local 
flow structure has on the flame propagation. A summary of the flow and combustion 
characteristics can be seen in Table 7.4, with the key trends of flame response and flow 
velocity displayed in Figure 7.93. This figure gives the ratio between the average 
perturbed burning velocity and the laminar burning velocity; a ratio that can be regarded 
as the normalised burning velocity for the particular mixture composition. It is clear from 
this data that the stoichiometric case has the highest level of burning velocity increase, a 
result that is understandable given that the vortex developed has the highest rotational 
velocity. These findings supports the conclusions of section 5.5, where rotation speed 
appeared to directly affect the rate of vortex core consumption.  
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* CH4–air flames at 100 kPa 300 K,   from Bradley et al. (2005) 
 
Table 7.4 – Summary of flame-vortex interaction characteristics 
 
Figure 7.93a also demonstrates that the lean reactant mixture has a higher normalised 
burning velocity in the region around the vortex core than the rich case; a feature which is 
interesting considering that the lean case has a lower rotational velocity (see Figure 
7.93b). This disparity between the perturbed burning velocity measurements and the 
rotational velocity indicates that the rich case is less sensitive to the vortex rotation than 
the lean case. The cause of this difference in response is not clear considering the thermo-
diffusive stability of the three mixtures (all having Lewis numbers close to unity, see 
Table 7.4) and the lack of preferential diffusion effects reported by de Swart et al. (2006) 
for these mixtures. 
 
Figure 7.93 – a) Burning velocity normalised to laminar burning velocity for the different equivalence ratios  
b) Peak flow velocity at the edge of the vortex core for the different equivalence ratios 
Equivalence ratio 0.8 1 1.2 
Lewis number* 1.01 1.046 1.08 
Flame Propagation       
Laminar burning velocity (m.s-1) 0.265 0.380 0.318 
Measured unperturbed burning velocity (m.s-1) 0.25 0.34 0.29 
Measured perturbed burning velocity (m.s-1) 1.13 1.92 1.18 
Ratio between perturbed and unperturbed burning velocities 4.52 5.65 4.07 
Ratio between perturbed and laminar burning velocities 4.26 5.05 3.71 
Vortex Rotation       
Vortex Diameter (mm) 6 6 6 
Peak flow velocity at flame tip (m.s-1) 10.1 18.7 12.7 
Peak velocity of the vortex (m.s-1) 9.5 13 12 
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From the data presented thus far, the exact nature of the interrelation which results in the 
increase in burning velocity is uncertain. However, for all three reactions investigated, the 
region of greatest propagation rate appears to occur where the flow of reactants intersects 
with the flame front at an oblique angle, close to the parallel (see Figure 7.94).  
 
Figure 7.94 – Schematic of flow-flame interaction at the location of peak burning velocity 
 
Whether the increase in burning velocity in this location is due to a straining of the flame 
front imposed by this particular interaction is not clear from the data presented thus far, 
therefore, more detailed analysis of the flow is required in order to provide further 
insight. Despite this lack of certainty, it is interesting to note at this point the findings 
presented by Tien and Matalon (1991). In their paper on the ‘burning velocity of stretched 
flames’ they presented data that demonstrated that burning velocity increases with flame 
stretch for methane–air mixtures across a broad range of equivalence ratios (0.7-1.26). 
They also indicate that the influence of stretch decreases with increasing equivalence 
ratio and that the switch in the influence of stretch (from positive effect to negative) does 
not occur until a considerably high Lewis number is reached (Le>1.6). In light of these 
findings, the next section of this work looks at quantifying the influence of fluid 
dynamics and local flame profile upon the rate of burning velocity.  
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7.5.  FLUID DYNAMIC AND FLAME PROFILE ANALYSIS 
 
 
The results presented thus far have demonstrated that the burning velocity of a flame 
front is significantly altered as it interacts with a rotating flow structure.  However, what 
has not been investigated thus far is the underlying cause or causes of this considerable 
variation in flame response. It has already been shown in section 2.3.3.5 of the literature 
review that considerable debate exists over which aspect or aspects of the flame-flow 
interaction directly influences burning velocity, with both experimental and numerical 
investigations showing significant variation in their findings. This section looks at these 
different fluid dynamic and flame profile effects and examines their degree of correlation 
with the local burning velocity for the experiments carried out in this study. 
 
7.5.1. Flame Stretch 
 
Flame stretch has long been considered to be one of the primary influences governing 
burning velocity, with considerable research undertaken to assess its role and influence in 
the combustion process. However, substantial differences have been reported in the 
influence of stretch, with the single physio-chemical property of the Markstein number, 
which links flame speed to the stretch rate, varying between experiments. 
 
As described in section 2.3.3.5, flame stretch is the rate of change of flame surface per 
unit area of flame.  
 
  
dt
dA
A
K 1=  
Equation 7.1 
 
For a given element of the flame surface, flame stretch is caused by two aspects: 
 
c) The fluid dynamic straining of the flame surface brought about by non-
uniformity of the local flow field, KS. 
d) The expansion or contraction of  a curved region of the flame due to it 
movement through a charge, which leads to extension of compression at the 
flame surface, KC. 
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CS KKK +=  
Equation 7.2 
 
As shown by Chung and Law (1984), the first of these terms, the fluid dynamic straining 
of the flame, can be expressed in vector notation as: 
 
tsSK ,V⋅∇=  
Equation 7.3 
 
Where Vs,t is the component of the fluid velocity, tangential to and acting directly upon 
the flame surface. This divergence of the fluid velocity can be measured by calculating 
the gradient of the tangential velocity, with respect to distance, across both components of 
the flame surface. As the toroidal vortex examined in this work can be considered to be 
axisymmetrical in nature, the divergent component perpendicular to the measurement 
plane can be calculated by assessing the distance of the flame element from the centre 
line of the orifice. The angle of the flame surface relative to the orifice axis must be taken 
into account as a flame surface parallel to the orifice axis will have zero fluid dynamic 
stretch in the radial component. 
 
  
Figure 7.95 – A schematic of the radial component of fluid dynamic stretch 
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Likewise, Chung and Law have shown that the second term of the flame stretch equation, 
relating to the conjoined effect of flame curvature and flame motion, can be shown to be: 
 
( )( )nnVf ⋅∇⋅⋅=CK  
Equation 7.4 
 
The variable Vf denotes the total velocity of the flame, a combination of both the flow 
velocity advecting the flame front and the burning velocity, n denotes the unit-vector 
normal to the flame surface. This term of the flame stretch equation can be simply stated 
as the curvature of the flame, calculated as the divergence of the normal unit-vector, 
multiplied by the velocity at which that particular curvature is being translated normal to 
its surface. To simplify the equation, the divergence of the normal unit-vector can be 
rewritten as the inverse of the radius of curvature: 
 
  
( ) 





+⋅=
21
11
RR
KC nVf  
Equation 7.5 
 
Where R1 is the radius of curvature in the measurement plane and R2 is the radius of 
curvature perpendicular to this.  
 
The local radius R1 can be calculated using basic analytical geometry based upon three 
points extracted from the flame edge. A detailed explanation of how this local radius is 
calculated is shown in section 7.5.2. Due to the axisymmetric nature of the event, the 
radius R2 can be taken as the distance of the flame element to the centre of the orifice 
multiplied by the magnitude of the cosine of the angle of the flame edge with respect to 
the orifice axis. Multiplication by the cosine of the flame angle allows for the degree of 
alignment between the flame surface and the orifice axis, and thus how perpendicular it is 
with the radius measurement; a flame surface parallel to the radius measurement will 
have an R2 value of zero, as shown in figure 7.96. The sign of the curvature for both the 
radius measurements R1 and R2 is dependant upon the direction of the curve relative to 
the unburned gas, as shown in figure 7.97; positive curvature is defined as being convex 
relative to the unburned charge. To account for this, the computational program 
developed to calculate flame stretch, identifies the direction of curvature at each point by 
assessing if the unit vector from the flame element towards its centre of curvature ends in 
either the burned or unburned region.   
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Figure 7.96 - A schematic of  flame curvature, parallel and perpendicular to the orifice axis 
 
 
Figure 7.97 – Sign convention for flame curvature 
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7.5.1.1 Total flame stretch rate 
 
Using the approach described above, the total flame stretch, comprising of both fluid 
dynamic and curvature contributions, has been calculated at each possible point along the 
flame surface where a burning velocity measurement was taken. Figure 7.98 presents 
graphs of the flame stretch against burning velocity for each of the eight data sets 
recorded for the stoichiometric condition. 
 
Figure 7.98 – Flame stretch and burning velocity along the flame front, stoichiometric condition 
 
The graphs displayed in figure 7.98 show that, although certain features of the interaction 
can be identified in both the burning velocity and flame stretch measurements, there is 
little correlation between the actual values. High values of flame stretch do not 
necessarily correspond to high values of burning velocity and vice versa. The times and 
locations where spikes or dips in the flame stretch measurement correspond to similar 
characteristics in the burning velocity are probably due to specific features of the fluid 
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flow field measurement. These features may stem from particular aspects of the flame-
flow interaction or errors present in the reactant flow field measurement which 
subsequently feed into the calculations for both burning velocity and flame stretch. This 
lack of a discernable correlation between the two aspects is further highlighted in the 
scatter plots of flame stretch verses burning velocity shown in figures 7.99 and 7.100. The 
data from the eight data sets recorded for the stoichiometric condition are displayed 
across two graphs for improved clarity. Additionally, the flame tip region of the flame-
flow interaction where the burning velocity measurement is known to contain high levels 
of inaccuracy has been excluded from these plots, along with regions where negative 
burning velocities have been calculated. 
 
Figure 7.99 – The relationship between flame stretch and burning velocity for data sets A-D,  
stoichiometric condition 
 
Figure 7.100 - The relationship between flame stretch and burning velocity for data sets E-H,  
stoichiometric condition 
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From this data no significant correlation can be discerned, findings that appear to conflict 
with the work presented by Filatyev et al. (2005), who have suggested that such a 
correlation exists based on globally averaged measurements. Taking such a global 
approach to the measurements presented here would relate an overall positive stretch rate 
with an average burning velocity above that the unperturbed laminar value. However, for 
the flame-flow interactions presented, it is clear that, on a local basis there is no 
significant relationship of this nature and that flame stretch is not the primary cause of 
burning velocity enhancement. Similar results occur for both the lean and rich 
experiments, see figures 7.101 to 7.103. 
 
Figure 7.101 - The relationship between flame stretch and burning velocity for data sets A-D,  
lean condition 
 
Figure 7.102 - The relationship between flame stretch and burning velocity for data sets E-G,  
lean condition 
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Figure 7.103 - The relationship between flame stretch and burning velocity for data sets A-E,  
rich condition 
 
It is interesting to note that, if the average stretch rates are compared to the average 
burning velocities for each of the different reactions, then it appears that higher levels of 
stretch coincide with higher levels of burning velocity, as shown in figure 7.104. 
However, the comparison between stretch and burning velocity carried out of a local level 
shows that there is little link between the two. This means that the higher levels of stretch 
are due to the higher velocity gradients present, caused by the higher burning rates, and 
are not the reason for the burning velocity increase themselves. These finding show that 
evaluating average or statistical trends in this manner is not appropriate for investigating 
complex flame-flow interactions such as the one examined in this work. 
 
Figure 7.104 – Average stretch rates compared with average burning velocities for three different equivalence 
ratios 
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7.5.1.2 Fluid dynamic and curvature dependent stretch rate 
 
Previously published research has highlighted the need to treat the fluid-dynamic 
straining and curvature dependent terms of flame stretch separately. For example, Gu et 
al. (2000) published two different Markstein Lengths for both the strain and the curvature 
components of stretch, based upon different methods of measuring burning velocity. 
These results indicated that both strain and curvature influenced flame speed, with strain 
playing a slightly more dominant role.  Conversely, in the work published by Choi and 
Puri (2003) it was observed that the stretch associated with flame curvature was the most 
dominant factor in influencing flame propagation speed and not strain. Similar levels of 
disagreement have also been reported in computational studies;  for example, Baum et al. 
(1994) found that in their direct numerical simulations, heat release rate, and hence 
burning velocity, correlated with curvature but not with strain. Meanwhile, similar 
simulations conducted by Chen and Im (1998) have demonstrated that both displacement 
and consumption speeds correlate much better with strain rather than with curvature. In 
light of this uncertainty, the following graphs (figures 7.105 – 7.114) investigate the 
relationship between local burning velocity and the individual components of flame 
stretch. 
 
 
Figure 7.105 – The relationship between fluid dynamic flame stretch and burning velocity for data sets A-D, 
stoichiometric condition 
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Figure 7.106 - The relationship between fluid dynamic flame stretch and burning velocity for data sets E-H, 
stoichiometric condition 
 
Figure 7.107 - The relationship between curvature associated stretch and burning velocity for data sets A-D 
stoichiometric condition 
 
Figure 7.108 - The relationship between curvature associated stretch and burning velocity for data sets E-H 
stoichiometric condition 
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Figure 7.109 - The relationship between fluid dynamic flame stretch and burning velocity for data sets A-D, 
lean condition 
 
Figure 7.110 - The relationship between fluid dynamic flame stretch and burning velocity for data sets E-G, 
lean condition 
 
Figure 7.111 - The relationship between curvature associated stretch and burning velocity for data sets A-D, 
lean condition 
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Figure 7.112 - The relationship between curvature associated stretch and burning velocity for data sets E-G, 
lean condition 
 
Figure 7.113 - The relationship between fluid dynamic flame stretch and burning velocity for data sets A-D, 
rich condition 
 
Figure 7.114 - The relationship between curvature associated stretch and burning velocity for data sets A-E, 
rich condition 
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Separating total flame stretch into its constituent parts of fluid dynamic straining and 
curvature dependant stretch provides some interesting results. While the fluid dynamic 
term for all three equivalence ratios demonstrates little correlation with burning velocity, 
the curvature dependant term appears to contain a degree of correlation, see figures 7.107, 
7.111 and 7.114,. These figures indicate that at low or negative curvature dependant 
stretch rates, the burning velocity is at its highest, while at the higher stretch rates, lower 
burning velocity occurs. Additionally, the earlier stages of the interaction, where the 
flame has not penetrated fully into the core of the vortex, demonstrates better correlation. 
The apparent correlation between low or negative curvature dependant stretch and high 
burning velocity does not make much sense considering that flat flame fronts containing 
low stretch do not exhibit enhanced burning velocities. This conflict implies that the 
observed correlation between stretch and burning velocity is a false one, but that there is 
an aspect of the curvature dependent stretch which does affect burning velocity. The 
obvious candidate for this correlation is flame curvature itself, which is investigated in 
the following section. 
 
 
7.5.2. Flame curvature 
 
As introduced in section 7.5.1, the total curvature of the flame front at any given point 
upon its surface is composed of two radii, R1 and R2. These radii represent the curvature 
in the measurement plane and the horizontal plane perpendicular to the measurement 
plane respectively. The radius R1 can be ascertained directly from the flame image, 
calculated by fitting a curve to three consecutive points along the flame surface. Using the 
location coordinates of these points within the image frame (x1,y1 x2,y2 x3,y3) the location 
of the arc centre (x0,y0) and radius (r) can be calculated by solving three simultaneous 
equations: 
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Equation 7.6 
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Expansion of these equations results in: 
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Equation 7.7 
 
The term 220
2
0 ryx −+ can be replaced by the constant c, producing: 
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Equation 7.8 
 
The unknown terms of these equations can be solved by using the determinants of the 
coefficient matrix: 
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 Equation 7.9   
 
Equating c to 220
2
0 ryx −+ , the radius of the flame in the imaging plane can be obtained. 
 
Due to the pixelation of the flame image, in conjunction with the varying nature of the 
flame curvature, care must be taken when selecting the distance between the three points 
used for the arc fit. If the distance between the points is too small, then the curvature 
calculation can suffer from excessive error due to pixelation, however, if the distance is 
too large then regions of small radius could be incorrectly measured. For this reason an 
iterative approach was taken to selecting the distance between the three points based upon 
the radius of curvature calculated. The initial pass maintained a set distance of 50 pixels 
between each point, which equated to a distance of 0.85 mm in real space. If the radius of 
curvature at a particular point along the flame exceeded double this distance, then the 
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point to point distance at this one location was reduced in order to meet this criteria for 
the next pass. This process of adjusting the point distances was repeated 5 times to ensure 
measurement errors were not made. The direction of the curvature was obtained by 
assessing if the unit vector (in pixel units) between the middle point of the three (x2,y2) 
and the arc centre (x0,y0), was directed towards the burned or unburned region. Positive 
curvature is defined as convex towards the unburned reactants, while negative is convex 
towards burned reactants. This vector also provided the direction normal to the flame 
front. Figures 7.115 to 7.119 show the relationship between the inverse radius of 
curvature and the local burning velocity for the three equivalence ratios examined. The 
results from the stoichiometric and lean conditions are split into two graphs for clarity. 
 
 
Figure 7.115 - The relationship between the inverse radius of curvature and burning velocity for 
data sets A-D, stoichiometric condition 
 
Figure 7.116 - The relationship between the inverse radius of curvature and burning velocity for 
data sets E-H, stoichiometric condition 
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Figure 7.117 - The relationship between the inverse radius of curvature and burning velocity for  
data sets A-D, lean condition 
 
Figure 7.118 - The relationship between the inverse radius of curvature and burning velocity for  
data sets E-G, lean condition 
 
Figure 7.119 - The relationship between the inverse radius of curvature and burning velocity for  
data sets A-E, rich condition 
  
-400 -200 0 200 400 600 800 1000
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Bu
rn
in
g 
ve
lo
ci
ty
 
(m
.
s-
1 )
Inverse radius of curvature (m-1)
 Set A 16.66 ms
 Set B 17.00 ms
 Set C 17.33 ms
 Set D 17.66 ms
-600 -400 -200 0 200 400 600
0.0
0.5
1.0
1.5
2.0
2.5
Bu
rn
in
g 
ve
lo
ci
ty
 
(m
.
s-
1 )
Inverse radius of curvature (m-1)
 Set E 18.00 ms
 Set F 18.33 ms
 Set G 18.66 ms
-600 -400 -200 0 200 400 600 800
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Bu
rn
in
g 
ve
lo
ci
ty
 
(m
.
s-
1 )
Inverse radius of curvature (m-1)
 Set A 16.33 ms
 Set B 16.66 ms
 Set C 17.00 ms
 Set D 17.33 ms  
 Set E 17.66 ms
7.5. Fluid dynamic and flame profile analysis 
 293 
From previous studies such as the work carried out be Echekki and Chen (1996), it is 
clear that flame curvature could independently influence burning velocity due to the 
focusing/dispersion effects of the heat and mass from the flame (Choi and Puris 2003).  
Figures 7.115, 7.117 and 7.119 indicate that, for the early stages of the interaction, there 
is some correlation between curvature and propagation rate, with regions of low or 
negative curvature exhibiting the highest burning velocities. This relationship supports 
the direct numerical simulation work carried out be Echekki and Chen (1996), and 
suggests that the profile of the flame influences how rapidly the flame can propagate 
through the reactants. Where negative curvature occurs, heat and mass transfer from the 
reaction zone to an element of the unburned reactants ahead of the flame is more focused, 
i.e. for that element, there is more flame surface able to transfer heat and mass to it. The 
higher the negative curvature, the greater this focusing effect, reducing the time required 
for combustion to spread to that element. The data collected from later in the interaction 
does not provide such a strong link, particularly for the stoichiometric case. This drop in 
correlation indicates that there are other factors that are also influencing burning velocity, 
not just curvature, which have more of an influence during the later stages. One such 
factor might be the drop in the density of the reactants within the vortex core due to the 
high rotational velocities. The lower the density, the higher the burning velocity, as 
explained in section 2.3.2; as this is not taken into account for in the measurements, it 
could be disporting the results and influencing the correlation. As the stoichiometric case 
has the highest rotational velocity, it will experience the greatest effect from this 
influence. However, there is still considerable spread in the data, even during the early 
stages of the interaction, with some regions of negative curvature demonstrating low 
burning velocities, and some regions of positive curvature demonstrating high velocities.  
This spread in the results suggests that curvature is not the only influencing factor upon 
the burning velocity, even accounting for density changes. It was noted in section 7.4 that 
the direction from which the reactant flow came, appeared to coincide with the change in 
burning velocity, therefore the following section looks at this relationship in order to 
assess the validity of the observation. The physical reason for the link between curvature 
and burning velocity is explored further in section 7.5.5. 
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7.5.3. Angle of incidence between flame and flow 
 
In examining the data in section 7.4, it was noted that the regions of high burning velocity 
consistently coincide with areas where the reactant flow runs nearly parallel with the 
flame surface. This relationship is shown in figures 7.120 to 7.124, where the angle of 
flow incidence is compared with local burning velocity. The angle of incidence has been 
calculated by comparing the unit vector of the direction normal to the flame surface, 
produced while assessing flame curvature, to the vector of the reactant flow at the flame 
surface. It is defined as 0 radians where the flow is normal to the flame surface and pi/2 
radians where the flow is tangential to the flame. 
 
Figure 7.120 - The relationship between angle of flow incidence and burning velocity for data sets A-D, 
stoichiometric condition 
 
Figure 7.121 - The relationship between angle of flow incidence and burning velocity for data sets E-H, 
stoichiometric condition 
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Figure 7.122 - The relationship between angle of flow incidence and burning velocity for data sets A-D, 
lean condition 
 
Figure 7.123 - The relationship between angle of flow incidence and burning velocity for data sets A-D, 
lean condition 
 
Figure 7.124 - The relationship between angle of flow incidence and burning velocity for data sets A-E, 
rich condition 
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As in the case for curvature, the early stages of the flame-flow interaction for the three 
cases investigated, all demonstrate some correlation between flow direction and burning 
velocity (shown in figures 7.120, 7.122 and 7.124). This correlation demonstrates that 
when reactant flows run at an angle close to parallel with the flame surface, high flame 
propagation rates are also found. The reason for this link could be similar to the driving 
factors behind the effect of flame curvature. In the case of negative curvature, it is the 
focusing of the heat and mass transfer from the reaction zone to the reactants ahead of the 
flame. With angle of incidence however, a flow dominated process drives the interaction, 
with the unburned reactants receiving heat and mass transfer from the flame front at is 
passes close to the reaction zone. This process means that when a flow element finally 
interacts with the flame directly, the time required to fully initiate combustion is reduced, 
thus increasing burning velocity. As in the case of flame curvature, the correlation 
becomes more distorted towards the end of the interaction, as the flame enters the centre 
of the vortex core, as shown in figures 7.121 and 7.123.  As the flows becomes more 
complicated at this point, with the curvature and flow angle simultaneously and 
independently changing, it is hard to tell if this confusion in the data is due a change in 
reactant density or other mechanisms driving burning velocity becoming more dominant. 
 
7.5.4. Magnitude of tangential velocity 
 
The results produced from the different sized orifices in section 5.4 demonstrated that, as 
the rotational velocity of the vortex increased, the time taken for the flame to penetrate 
into the vortex core was reduced. It was unclear from these results whether this apparent 
increase in the rate of vortex core consumption was due to one, or a combination of the 
following: 
 
• An increase in local burning velocity due to the fluid dynamics 
• An increase in vortex turnover time pulling the flame into and around the rotation 
• A reduction in the density due to the faster rotation   
 
Is has been shown that the angle at which the flow intersects the flame is strongly linked 
to the local burning velocity, with flows near to the tangential increasing the local burning 
velocity. Therefore this section examines whether the magnitude of this intersecting flow 
also influences burning velocity. Figures 7.125 to 7.127 show this relationship in terms of 
the magnitude of the tangential component of the reactant flow for the early stages of the 
interaction.  
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Figure 7.125 - The relationship between the magnitude of tangential velocity and burning velocity for 
data sets A-D, stoichiometric condition 
 
Figure 7.126 - The relationship between the magnitude of tangential velocity and burning velocity for  
data sets A-D, lean condition 
 
Figure 7.127 - The relationship between the magnitude of tangential velocity and burning velocity for 
data sets A-D, rich condition 
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When compared to the plots of angle of incidence (figures 7.120, 7.122 and 7.124, the 
relationship between the magnitude of tangential flow velocity and burning velocity 
shown in figures 7.125 to 7.127, shows a reduction in correlation. A general trend can be 
observed in the data, in that at low tangential velocities most of the burning velocity 
measurements are low and that at high tangential velocities there are some high burning 
velocities recorded. It can also be observed that the higher tangential velocities present in 
the stoichiometric case also coincide with higher burning velocities. However, this trend 
is could be coincidental as the regions of low burning velocity mostly occur in the region 
of the flame where little tangential flow occurs. Also, the stoichiometric case has a higher 
unperturbed burning velocity. The fact that, at high tangential flows, there is a clear range 
of low and high burning velocities indicates that the magnitude of the tangential velocity 
does not have a significant influence upon burning velocity.  This observation is further 
supported by figure 7.128, where both the flow velocity and the angle of incidence is 
plotted against burning velocity for the early stages of the stoichiometric case. The 
magnitude of the flow velocity is used in this plot, not its tangential component, in order 
to decouple it from the angle of incidence plotted on the other axis. 
 
The lack of correlation with the velocity of the flow is interesting in light of the 
observations made in sections 5.2 and 5.3. In these sections it was noted that, for the 
vortices with lower rotational velocity such as the case of the 40 mm orifice, the flame 
was drawn around the vortex  with slow consumption of the vortex core. Conversely the 
fast rotation produced by the 20mm orifice, the flame consumed the vortex core rapidly. 
These results indicate, therefore, that the increased consumption rate of the more quickly 
rotating vortices is not due to the high flow velocity increasing local burning velocity, but 
is due to a reduction in pressure, and thus density, within the vortex core. The rapid 
rotation of the vortices produced by the small orifices draws the flame in and around the 
vortex more quickly than the slow rotations, providing the conditions for increased 
burning velocity, in terms of curvature and angle of flow incidence, earlier on in the 
interaction. However, the rapid consumption of the core is then due to the low pressure 
created by the rotation. 
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Figure 7.128 – Velocity magnitude and angle of flow incidence against burning velocity, Sets A – D, 
stoichiometric condition 
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7.5.5. The combination of flame curvature and angle of flow incidence 
 
Sections 7.5.2 and 7.5.4 have shown that the both curvature and the angle of flow 
incidence effect the local burning velocity of the flame. This relationship is further 
demonstrated in figures 7.129, 7.130 and 7.131 where curvature and angle of incidence 
are jointly plotted against burning velocity. These figures demonstrate that when 
curvature is negative in value and the angle of flow incidence is high, the burning 
velocity is also high. Consider figure 7.129, which contains the data for the early stages 
of the stoichiometric condition. From this 3-axis graph it can be seen that the region of 
the flame where that angle of incidence is high there is a range of burning velocities  from 
0 to 4 m.s-1, but that the low burning velocity values in this region contain high positive 
curvature. This trade off between curvature and flow angle can also be seen when looking 
from the curvature perspective; the points where very low and very high values of 
burning velocity are recorded with the same curvature value, have low and high angles of 
incidence respectively. Additionally, where the angle of incidence is low and the flame 
curvature reaches high levels of positive curvature, the burning velocity appears to reduce 
below the unperturbed value, indicating that under these conditions the propagation of the 
flame is actually inhibited. These trends are also repeated in the early stages of the rich 
and lean interactions show in figures 7.130 and 7.131. 
 
These results indicate that the processes by which burning velocity is increased is 
dependent upon the dynamics of the interaction between the combusting and non-
combustion regions of the flow.  Specifically, it is the process by which heat and mass is 
transferred from the reaction zone to the unburned reactants that determines the rate of 
reaction. Where a region of unburned reactants is placed in close proximity to the flame 
front for a period of time before coming into direct contact with the flame, such as when 
the flow runs nearly parallel with the flame, the rate at which that region combusts is 
increased. Similarly, when the flame front is negatively curved around a region of 
unburned reactants, that region is able to receive heat and mass at an increased rate, thus 
increasing its rate of combustion. The nature of the physio-chemical processes through 
which this enhanced reaction occurs is beyond the scope of this work, but it is suggested 
that the increasing the opportunity for heat and mass to be passed from the flame to an 
unburned element, through either flame curvature or a high angle of incidence, may 
initiate the early, low temperature, stages of combustion more quickly.  
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Figure 7.129 – Flame curvature and angle of flow incidence against burning velocity, Sets A – D, 
stoichiometric condition 
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Figure 7.130 –  Flame curvature and angle of flow incidence against burning velocity, Sets A – D,  
lean condition 
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Figure 7.131 –  Flame curvature and angle of flow incidence against burning velocity, Sets A – D,  
rich condition 
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7.6.  CONCLUSION 
 
In this chapter a new technique for the measurement of local burning velocity has been 
implemented to investigate the affect of flow rotation on flame propagation; the results 
from this technique have been shown to correlate with a qualitative assessment of the 
flame progression. The burning velocity data demonstrates that there is a significant 
enhancement to the rate of flame propagation where the flame directly interacts with the 
rotating vortex. Away from this interaction with the main vortex core, the flame exhibits 
propagation rates around the value recorded by Andrews and Bradley (Andrews and 
Bradley 1972b) for unperturbed combustion.  In regions where the flame experiences high 
flow velocities or severe convolution (such as around the flame tip, the cusp region or the 
secondary wrinkle) the data becomes more susceptible to errors, indicating the need for 
improvements to be made in the data measurement technique in these areas.  
 
Nevertheless, the results recorded demonstrate the strong influence that flow motion has 
on the rate at which a flame front propagates through a premixed charge. This aspect is 
even more interesting given the fact that stoichiometric methane and air has a Lewis 
number of 1.05 (Haq et al. 2002) and thus exhibits little in the way of preferential 
diffusion. Analysis of these results has demonstrated little correlation between flame 
stretch and burning velocity when examined on a local basis, however strong correlations 
for both flame curvature and the angle of flow incidence have been identified. It is 
suggested that these two effects both derive their influence from the processes and time 
scales by which heat and mass is transferred to the unburned charge ahead of the flame 
front.  
 
It has been shown that, for the range of velocities investigated, the speed of flow 
intersecting the flame has little effect on the burning velocity in comparison to curvature 
or flow angle. This suggests that the rapid consumption of the vortex core within high 
velocity rotations is dependent upon the pressure of the reactants within the core. 
However, quickly rotating structures will draw the flame front around the core of the 
vortex more rapidly than slower structures, creating the conditions for increased 
combustion rates at an earlier point in time than. The data suggests that vortices will 
fundamentally increase the rate of consumption of reactants. Also, the smaller vortices, 
which generate more highly negative curvatures, will increase the consumption rate to the 
greatest extent. This finding fits in with our understanding of turbulent combustion, 
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where research has shown that the amount of high frequency turbulence, associated with 
the small flow structures, present within a reactant flow correlates with the total 
consumption rate (Long et al. 2008). 
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CHAPTER 8  
 
CONCLUSIONS AND SUGGESTIONS FOR 
FURTHER WORK 
 
 
 
8.1.  CONCLUSION 
 
The research presented in this thesis has investigated the complex interaction between 
reactant motion and flame front propagation that occurs during the combustion of a 
premixed charge. The work has utilised two experimental environments to examine the 
interaction, a sealed high-pressure fan-stirred combustion bomb and a vented twin-
chamber combustion bomb capable of producing toroidal vortices of controlled size and 
rotational velocity. 
 
The experimental data taken from the fan-stirred bomb and its subsequent analysis in 
chapter 4 has shown that, not only does the charge motion influence the propagation of 
the flame, but the reaction itself influences the charge motion. This creates a truly 
symbiotic relationship in which both the charge motion and the flame propagation 
influence each other. Therefore, both must be accurately measured in order to provide 
understanding of the interrelationship between the two. Analysis has shown that a flame 
propagating through a turbulent field alters the bulk flow of the reactants ahead of it; the 
charge being pushed outwards ahead of it. The increase in outwards velocity increases 
with the level of turbulence present at the time of ignition. However, despite this change 
in the overall bulk flow, turbulent structures within the charge are maintained and 
continue to influence the combustion event.  
 
The increase in burned gas area within a two dimensional slice of the combustion event 
has been shown to be strongly related to the length of the flame surface, which in turn is 
dependent on turbulence intensity. Work published in literature has shown that this 
increase in flame surface can be linked to the mean stretch rate imposed on the flame 
front. The results from the fan-stirred bomb indicate that the regions of highest turbulence 
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intensity coincide with the regions of greatest flame displacement. Whether this increase 
is solely due to an increase in flame surface area or if the local burning velocity of the 
flame is increased due to turbulence is unclear from the two-dimensional data gathered 
from the highly three-dimensional event investigated. 
 
In order to examine the influence of flow structure on flame propagation, a novel twin 
chamber combustion bomb, detailed in chapter 5, was designed and manufactured. This 
bomb created repeatable toroidal vortex structures within a premixed charge, through 
which a flame front could then propagate. By changing the diameter of the orifice 
separating the two chambers the rotational velocity of the vortex produced is altered, by 
changing the edge profile of the orifice the size of the rotation is altered. This device 
enabled repeatable tests to be carried out in a controlled environment, allowing the effect 
of rotation on flame propagation to be examined. The axisymmetrical nature of the 
interaction produced allowed two-dimensional measurement techniques to be used 
through the centre line of the toroid. 
 
To investigate the effect of vortex flow structures on flame propagation, a new technique 
for measuring local burning velocity was developed as part of this work. This 
measurement technique can quantify the local burning velocity, even in the presence of 
high rotation, by accounting for the advecting nature of the flow field as the flame 
propagates. Application of this new technique, based in asynchronous PIV, has 
demonstrated how useful this approach can be in investigating the flame-flow interaction. 
 
Burning velocity data produced using this new technique has shown that when a flame 
front encounters a vortex structure, its burning velocity is increased where the flame 
directly interacts with the rotation. It was observed that rich fuel-air mixtures presented 
less of an increase from the unperturbed burning velocity during the interaction than the 
lean and stoichiometric cases. Little correlation was discovered between local stretch 
rates and burning velocity, but strong relationships were discovered for both flame 
curvature and the angle of flame incidence. This suggests that these variables influence 
the rate of heat and mass transfer between the inner reaction zone, the preheat zone and 
the unburned reactants ahead of the flame front. For the combustion events examined, 
little correlation was found between the local burning velocity and the velocity of the 
flow interacting with the flame, even accounting for the angle of incidence, suggesting 
this variable has little influence of the flame propagation processes. From this finding, it 
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is likely that the increased rate of vortex core consumption identified in vortices with high 
rotational velocity in chapter 5, is due to the lower pressure produced by the rapid 
rotation. However, only one vortex rotational velocity was examined in terms of local 
burning velocity for a given stoichiometry; this limits the impact of this evidence. 
Additional work investigating the effect of vortex rotational velocity is required.      
 
These findings indicate that small vortices that quickly induce high levels of flame 
curvature, in conjunction with flow incidence angles close to parallel with the flame front, 
increase the local, and thus global burning velocity the most. This finding complements 
current understanding of the relationship between consumption rates and turbulence 
frequency. No relationship between flame stretch and local propagation rate has been 
found in this work, but the work carried out in chapter 4, combined with the finding 
presented by Filatyev et al (2005) indicate that it is a key parameter in the creation of 
flame surface area.    
 
It is clear from these findings that more research is required in the field of local flame-
flow interaction so that conclusive understanding of turbulent combustion can at some 
point be gained. The following section looks at the next steps that could be taken in this 
pursuit, exploring where further work is required.    
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8.2.  FURTHER WORK 
 
The research presented within this thesis investigates the relationship between flame 
propagation and flow structure. The work has demonstrated the need to examine the 
interaction that occurs between flame and flow on a fundamental level, particularly on a 
localised basis. As part of this investigation a new technique for measuring local burning 
velocity has been developed, a tool that has been used to examine specific flame-flow 
interactions. It is clear from the results and conclusions presented that additional research 
is required in this area, specifically in following three areas: 
 
a) Improvement to the burning velocity measurement technique to reduce error and 
improve dynamic range 
b) Continuation of the investigation into the effect of toroidal vortices on flame 
propagation 
c) The development of additional experiments to investigate the influence of flow 
intersection angle and flame curvatures highlighted in this work 
 
Improvements in burning velocity measurement 
 
In sections 6.10 and 7.2 it was established that the technique developed for burning 
velocity measurement contained a number of systematic errors, limiting its accuracy 
under certain situations; these errors revolved around the approach of digitising a highly 
dynamic event. Most importantly, the limitations of the technique with regard to flow 
curvature and acceleration/deceleration was highlighted. It important that further effort is 
made in resolving this issue in order to improved the accuracy of the technique and, as a 
result, the degree of confidence with which correlations are identified. Improvements to 
the technique could be achieved in a number of ways: 
 
Improved spatial resolution. Increasing the spatial resolution of the imaging would allow 
the displacement to be tracked over a shorter distance, which in turn would mean a 
shorter time period. Reducing this time would produce results that are less influenced by 
either curvature or acceleration as the flow would have less time to alter from the velocity 
measured using PIV. 
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The use of three image PIV. Correlation across three images can provide information 
beyond that produced using a simple two image process. The third image (taken at time 
after image 2 similar to the interval between 1 and 2) can provide information on 
curvature and acceleration/deceleration as it provides information on how the flow is 
changing. One method of achieving this kind of data is to use a high resolution ‘red-
green-blue’ colour camera in conjunction with three different colour laser pulses whose 
wavelengths would only match the individual colour components. This approach would 
be highly useful in acquiring information about the flow dynamics but is limited to only 
giving information about the flow early on in the advection process. 
 
Multiple PIV image pairs. Using more than one set of PIV data, sequenced throughout the 
advection process could provide valuable information with regard to the development of 
the flow during the flame advection process. To achieve this, different wavelengths of 
light would be needed to form the laser sheets for the different PIV sets, appropriately 
filtered, along with careful alignment. This approach could provide a lot of information 
regarding the dynamic movement of both the flame and the flow throughout the advection 
process, however, very accurate alignment of the laser sheets and the images recorded 
would be needed in order to produce meaningful results. 
 
As a long terms goal, work should be devoted to developing the technique to operate in 
all three dimensions of space. This would enable truly turbulent flame-flow interactions 
to be investigated. One approach to this could be the use of holographic imaging to 
examine particle positions and velocities. 
 
Continuation of the investigation into the effect of single vortex structures 
 
The work carried out on the interaction between a single toroidal vortex and a 
propagating flame has allowed a fundamental study to be conducted on flame-flow 
interaction. The data produced from this study has provided some interesting results in 
terms of the correlations found. As a result, further work is required in order to 
investigate the other vortex structures shown in chapter 5, examining the relationships 
produced for a number of different vortex sizes and rotational velocities. As part of this 
continued work, it would be advantageous to examine the role of pressure inside the 
vortex core, either through measurement or numerical calculation based on computational 
models. Also the use of laser induced florescence could provide valuable information on 
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the intensity of the reaction around the flame front and an indication of flame thickness. 
Leading on from the work conducted using methane-air mixtures, experiments should 
also be carried out using other fuel mixtures with different thermal and mass diffusivities. 
 
The development of other experiments 
 
In light of the correlations highlighted within this work, specifically the role of flame 
curvature and the angle of flow incidence, additional experimentation is required in order 
to examine what happens under different flow configurations. There are two approaches 
to this work. Firstly, well established flame-flow interactions should be investigated using 
the measurement technique described in this thesis; data that will add to the existing 
knowledge of how flames burn under these circumstances. Secondly, flow configurations 
that are specifically tailored to produce varying angles of flow incidence or flame 
curvature are required in order to further validate the correlations presented in this thesis. 
Such experiments could utilise both steady-state and dynamic combustion situations. 
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